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This thesis discusses the design and development of a pipe crawling robot for the
purpose of CANDU fuel channel inspection. The pipe crawling robot shall be capable
of deploying the existing CIGAR (Channel Inspection and Gauging Apparatus for
Reactors) sensor head. The main focus of this thesis is the design of the localization
system for this robot and the many tests that were completed to demonstrate its
accuracy.
The proposed localization system consists of three redundant resolver wheels mounted
to the robot’s frame and two resolvers that are mounted inside a custom made cable
drum. This cable drum shall be referred to in this thesis as the emergency retrieval
device. This device serves the dual-purpose of providing absolute position measure-
ments (via the cable that is tethered to the robot) as well as retrieving the robot
if it is inoperable. The estimated accuracy of the proposed design is demonstrated
with the use of a proof-of-concept prototype and a custom made test bench that uses
a vision system to provide a more accurate estimate of the robot’s position. The
only major difference between the proof-of-concept prototype and the proposed solu-
tion is that the more expensive radiation hardened components were not used in the
proof-of-concept prototype design. For example, the proposed solution shall use radi-
ation hardened resolver wheels, whereas the proof-of-concept prototype used encoder
wheels. These encoder wheels provide the same specified accuracy as the radiation
hardened resolvers for the most realistic results possible.
The rationale behind the design of the proof-of-concept prototype, the proposed final
design, the design of the localization system test bench, and the test plan for devel-
oping all of the components of the design related to the robot’s localization system
are discussed in the thesis. The test plan provides a step by step guide to the con-
figuration and optimization of an Unscented Kalman Filter (UKF). The UKF was
selected as the ideal sensor fusion algorithm for use in this application. Benchmark-
ii
ing was completed to compare the accuracy achieved by the UKF algorithm to other
data fusion algorithms. When compared to other algorithms, the UKF demonstrated
the best accuracy when considering all likely sources of error such as sensor failure
and surface unevenness. The test results show that the localization system is able
to achieve a worst case positional accuracy of +/- 3.6 mm for the robot crawler over
the full 6350 mm distance that the robot travels inside the pressure tube. This is
extrapolated from the test results completed over the shorter length test bench with
simulated surface unevenness.
The key benefits of the pipe crawling robot when compared to the current system
include: reduced dosage to workers and the reduced outage time. The advantages are
due to the fact that the robot can be automated and multiple inspection robots can
be deployed simultaneously. The current inspection system is only able to complete
one inspection at a time.
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As an engineer there is always a desire to innovate and improve upon existing in-
ventions as well as develop new ones. However, when not properly executed some
innovations end up adding complexity with very little added value. For this reason
it is important to first describe the importance and purpose of the invention that is
under development.
The aim of the design presented in this thesis is to develop a new method to im-
prove nuclear fuel channel inspection, specifically the inspection of pressure tubes
in CANDU reactors. The proposed solution to improve inspections is to use a pipe
crawling robot for delivery of the inspection head instead of the existing delivery
method. The existing method involves using a machine external to the fuel channel
mounted on the fueling machine bridge. The two main drivers for this project are in-
creased safety margin and productivity. In addition to meeting these business needs,
the design must also meet the stringent design requirements that will be presented in
Section 1.4.
The main way to improve productivity is by reducing inspection time. For every
1
day that a single reactor unit is in an outage, there is approximately 1.5 million
dollars in lost revenue (as based on the electrical output of 881 MW per unit and
the average revenue reported by Ontario Power Generation (OPG) in Q3 of 2015 of
7.1 cents/kWhr [1]). This is a common goal when looking at other newer inspection
systems such as BRIMS (Bruce Reactor Inspection and Maintenance System). BRIMS
designers chose to save time mainly by reducing setup time [2], whereas the design
proposed in this paper will attempt to save time by allowing multiple fuel channels
to be inspected simultaneously.
To improve the margin of safety, there are two aspects that can be discussed: plant
safety and employee safety. The use of robotics and automation have been growing
rapidly in the nuclear industry. The main reason is it allows tools to be used in
place of humans when a job is known to be near sources of radiation. Although
nuclear companies such as OPG do an excellent job of keeping the radiation doses to
workers well within safe limits, the nuclear industry is always striving to reduce doses
to workers to As Low As Reasonably Achievable (ALARA). There is also a need to
address plant safety in the proposed design. Since the inspection system is in a critical
area of the reactor, it is important to consider what impact the design can have on
reactor safety. If the robot fails, how does it impact the reactor? Can the robot be
retrieved in an emergency? These are all considerations to be made in this design.
1.2 Introduction to CANDU Reactors and Exist-
ing Inspection Systems
The design of an improved inspection system will be targeted towards the inspection
of CANDU reactors. More specifically, the design will be developed for the Darlington
Nuclear Generating Station owned by OPG. Before describing the proposed inspection
system, a brief summary of the structure of a CANDU reactor and existing inspection
2
Figure 1.1: CANDU Reactor Schematic [3]
systems will be provided. For reference, a schematic representation of a CANDU
reactor design can be seen in Figure 1.1.
1.2.1 CANDU Reactors
The main assembly that needs to be understood in great detail is the Fuel Channel
assembly. The Fuel Channel is an important part of the primary heat transport system
and is at the heart of the CANDU reactor where the heat transfer from fission occurs.
Each fuel channel consists of the following main components: the inner pressure tube,
the outer calendria tube, and the end fittings along with the closure plugs on either
end. There are also many other small components such as: the shield plugs, the
garter spring spacers, the annulus gas, and the liner tube to name a few. A more
detailed view of the fuel channel assembly can be seen in Figure 1.2, which shows a
fuel channel for a CANDU 6 reactor as an example. The pressure tube and end fitting
can be seen in Figure 1.3.
The pressure tube is one of the main components in the fuel channel that requires
routine inspection. All of the information on pressure tubes including all dimensions
and degradation mechanisms were found documented in the training material devel-
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Figure 1.2: Fuel Channel [4]
Figure 1.3: Left: End Fitting, Right: Pressure Tube
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oped by OPG [5]. The nominal inner diameter of the pressure tube is 104 mm and
has a thickness of 4.5 mm. However, the inner diameter can range from 103 - 110
mm as over time the tubes expand in diameter and also may become thinner. The
length of these pressure tubes is 6.35 m, which is also found to increase over time. The
pressure tubes are found to sag and will not stay perfectly straight, with up to 90 mm
of sag over their expected lifetime. In addition to this, the garter spring spacers that
maintain the gap between the pressure tubes and the calandria tubes may slide over
time. If a garter spring moves too far, it may no longer be able to keep a gap between
the calandria tube and pressure tube. If the pressure tube and calandria tube touch,
the temperature differential can cause hydride blisters to form. This may eventually
result in a pressure tube rupture or Loss of Coolant Accident (LOCA). The pressure
tubes may also form flaws over time due to a number of reasons. The degradation
mechanisms that may cause flaws are: delayed hydride cracking, bearing pad fretting,
debris fretting, crevice corrosion, and other sources of routine mechanical wear or
stresses.
1.2.2 Current Inspection System
The periodic inspection program for CANDU reactors was developed in order to
effectively monitor the aging of CANDU reactors. The periodic inspection program is
mandated by the Canadian Standards Association CAN/CSA-N285.4 [6]. There are
many different systems that have been developed in order to periodically inspect the
fuel channel assembly specifically. The main inspection system used at OPG will be
referred to as the current inspection system in this thesis for simplicity. The current
inspection system consists of a number of different inspection tools and a universal
delivery machine that is most commonly used for deploying most of these tools. Some
of these tools utilize their own custom deployment system or can be deployed from
the fueling machine. The main tools that are used for OPG owned reactors are:
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(a) CIGAR (Channel Inspection and Gauging Apparatus for Reactors) [5]
(b) ANDE (Advanced Non-Destructive Evaluation) [7]
(c) SLAR (Spacer Location and Relocation) [8]
(d) CWEST (Circumferential Wet Scrape Tool) [9]
Each of these tools are used for different applications. ANDE and CIGAR have
become quite similar in design, with some subtle differences. Both are used for in-
spection and gauging of the pressure tubes. CIGAR has a longer history of being
used in CANDU reactors, therefore CIGAR has a lot more information openly avail-
able. ANDE was developed more recently as an attempt to build on the design of
CIGAR but experimenting on ways to speed up the inspections. CIGAR will be used
for demonstrating the use of the invention described in this thesis. A more detailed
description of the CIGAR sensor head is provided in Section 1.2.2.1 below.
SLAR, as it is titled is used for the relocation of the garter spring spacers. Due to
vibration, these spacers can be displaced over time. SLAR serves an important role
for ensuring the garter springs are kept evenly spaced across the length of the pressure
tube to prevent the pressure tube from coming in contact with the calandria tube.
SLAR can be used on any of the reactors that use loose garter spring spacers. The
Bruce Power Unit 8 Reactor and newer reactors (including Darlington reactors) use
tight fitting garter springs that are not prone to moving as much, but are also more
difficult to detect and relocate [10].
CWEST is used to take scrape samples of the pressure tube at locations along the
tube as well as at the rolled joints [9]. The main purpose of these scrape samples is
to determine the chemical composition of the pressure tube. Specifically, the samples
are used to determine the concentration of deuterium and hydrides which may lead to
delayed hydride cracking in high enough concentrations. CWEST collects samples and
stores them inside its tool head. These samples are then removed into a transfer flask
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for further analysis. Prior to the development of the wet scrape tools, the scrape tools
used required that the pressure tubes be drained of heavy water prior to performing
scrapes. This was much more time consuming and costly.
The scope of this thesis project is to demonstrate the robotic deployment of the
CIGAR sensor head. However, future developments of this robot may allow for a
wide range of sensors and tools to be deployed.
1.2.2.1 CIGAR
The CIGAR sensor head is deployed at all CANDU reactors in the province of Ontario
as well as at CANDU reactors located in Quebec, New Brunswick, and Korea [6]. The
information shown in Section 1.2.2.1 can be found documented in the training material
developed by OPG [5]. The CIGAR sensor head is used to take measurements of the
pressure tubes as well as inspect the pressure tubes to look for flaws. There are many
different sensors contained inside the CIGAR sensor head as shown in Figure 1.4. The
majority of these sensors are ultrasonic sensors. Ultrasonic sensors are commonly
used for non destructive evaluations (NDE). The basic premise for any ultrasonic
inspection is to use the transmission of ultrasonic waves through a material to gather
information about that material. This can be done be transmitting ultrasonic waves
in quick pulses and measuring the time it takes to detect the reflected or transverse
waves to propagate through the material [11]. CIGAR also utilizes an eddy current
probe that can be used to detect garter spring locations as well as a servo inclinometer
for measuring channel deflection or sag.
The CIGAR sensor head is capable of full volumetric scans of the pressure tube. This
means that the sensor head is able to scan 360 degrees around the pressure tube and
travel the full length of the pressure tube. This is accomplished by the Universal
Delivery Machine that simultaneously drives CIGAR forward while rotating it to
create a helical scan path. This scan is commonly referred to as the general helical
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Figure 1.4: CIGAR Sensor Head [5]
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Figure 1.5: CIGAR Ultrasonic Probes [5]
scan. The CIGAR sensor head also utilizes a special type of constant velocity joint
called a double cardan joint. The double cardan joint allows CIGAR to be rotated
even when the drive shaft is slightly off-centre. CIGAR’s centring modules keep the
sensor straight and centred. This joint also allows CIGAR to travel through the slight
curvature of a sagged pressure tube.
CIGAR is capable of a very fine resolution of scan data while performing general
helical scans. The general helical scan uses a 10 MHz normal beam transducer as
well as four 10 MHz shear wave transducers located in the flaw cluster to detect any
potential flaws over the entire length of the pressure tube. These probes can gather
sample data for every 0.1 degree of rotation. The pitch of the general helical scan is
commonly 1 mm. The standard rotary speed used for scanning is 240 degrees/sec, but
this can be increased to a max speed of 320 degrees/sec based on the fastest sampling
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rate achievable.
CIGAR is able to perform a number of measurements while completing inspections.
To perform these measurements all of the 10 MHz normal beam transducers can
be used both in front and behind the flaw cluster as shown in Figure 1.5. The
measurements taken include:
(a) Pressure Tube Inner Diameter
(b) Pressure Tube Wall Thickness
(c) Garter Spring Location
(d) Channel Deflection (Sag) Measurements (taken by the inclinometer)
(e) Pressure Tube / Calendria Tube Gap Measurement
After completing the general helical scan and any dimensional measurements required,
CIGAR is able to complete further B Scans, which are able to further size and char-
acterize flaws that have been detected. Whether a flaw is detected and requires
characterization is based on whether the amplitude response from the probes in the
general helical scan is found to be greater than a certain threshold. These B-Scans
also enable the use of the 20 MHz normal beam transducer located in the centre of
the flaw cluster.
1.2.2.2 Universal Delivery Machine
The Universal Delivery Machine (UDM) is what is currently used to deploy the ma-
jority of the inspection tools. There are three different UDMs in use, one at each
of Ontario’s nuclear plants. Bruce Nuclear Generating Station (BNGS) was the first
station to introduce the use of the Universal Delivery Machine. Shortly after, Pick-
ering and Darlington Nuclear Generating Stations both developed their own UDMs.
Prior to the development of automated systems like UDM, inspections would need
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to be done in dry channels. This would be a very time consuming process where ice
plugs would be used to isolate the channel to be inspected. Workers would then be
present at the reactor face to deploy the inspection equipment. This would lead to
much higher doses to workers. UDM is an improvement in terms of inspection time
and doses to workers but can still take significant time to install.
1.2.2.3 CIGAR Drive
The CIGAR Drive, as seen in Figure 1.6, was developed specifically to deploy the
CIGAR sensor head. It is mounted as an attachment on to the fueling machine. The
fueling machine is able to provide a seal to the end fitting of the pressure tube to be
inspected. The fueling machine takes care of the removal of the fuel in the channel.
Then the shield plug and the closure plug are removed and the modified closure plug
is used instead. This modified closure plug has a large bore in its centre for the drive
shaft from the CIGAR Drive to pass through. CIGAR is stored inside a specially
made carrier tube that holds it in place for it to be deployed inside the fuel channel.
CIGAR Drive is connected to CIGAR from a universal joint that allows the necessary
freedom of motion. The drive rod comes in a long and short length which can be
connected together. The drive rod is hollow to allow the electrical cables to pass
through to the CIGAR drive where a slip ring is used to connect the rotating cables.
This is then connected to a remote console that receives the data from CIGAR and
powers its many sensors.
1.2.2.4 Design Limitations
There are a number of limitations with the current inspection system. There are two
main limitations of the current inspection system. First, it is time consuming and
costly to use. Second, the system requires that the pressure inside the fuel channel
be kept very low.
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Figure 1.6: CIGAR Drive System [6]
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There are a number of tasks in the deployment of the inspection system that are rather
time consuming. The process of mounting UDM on the fueling machine is very slow.
It can take 2-3 days to ensure that UDM is installed correctly. The CIGAR Drive is
faster to set up, but still takes time to mount it to the fueling machine bridge. By
being attached to the fueling machine the inspection system is limited to inspecting
only one fuel channel at a time. The CIGAR inspection head is typically only able to
inspect two channels per day. Each CIGAR inspection head is limited to inspecting
10 channels total before being replaced. The consequences to the process of inspection
being time consuming are higher doses of radiation to workers and lost revenues.
Another issue with UDM being mounted to the fueling machine is that it limits the
pressure that can be maintained inside the fuel channel. This is due to the requirement
to allow for the drive shaft to pass through the modified closure plug and provide a
dynamic seal. The pressure is reduced to only 262 kPa [12]. This is not ideal since
being able to increase the pressure above this point can be very useful in preventing
the water from boiling or voiding. This can be done by increasing the boiling point
of the heavy water by increasing the pressure. In order to reduce the risk of boiling,
inspections take place once the channel has cooled considerably, usually around 50
degrees Celsius. This can involve waiting a number of days for the reactor to cool
down sufficiently. This may not sound like much, but considering that for every day
the reactor is offline the company loses just over 1 million dollars in revenue, any time
that can be saved is highly valuable.
1.2.3 Bruce Reactor Inspection and Maintenance System
Bruce Reactor Inspection and Maintenance System (BRIMS) is an inspection system
that has been recently developed. The design of the inspection system is an effort
to streamline the inspection process, by integrating the use of the many different in-
spection tools into a single package. This has proven to be a very effective approach
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to making inspections more efficient. BRIMS is expected to reduce the dose to work-
ers by 71 percent and reduce the inspection time by 73 percent as reported by the
International Atomic Energy Agency (IAEA) Operational Safety Review Team (OS-
ART) [2]. BRIMS also provides an improved mounting system that is easier to install
to the fueling machine bridge.
1.3 Problem Statement
A robotic pipe crawler is currently under development, with the proof-of-concept
prototype presented in a thesis by fellow researcher Shivam Shukla [13]. The problem
to be discussed in this thesis is how to take these results one step further. There
are a number of elements of the design that have yet to be proven. This thesis will
unfortunately not be able to demonstrate a fully functional prototype that is ready
to be deployed in a nuclear reactor, but it will address some of the key concerns in
the design and demonstrate results to support further research and development of
this design concept.
The main problem for the robotic crawler design is that a localization system for the
crawler needs to be developed using sensors that are proven to survive the environment
of a nuclear reactor. The localization system should consider possible failure modes
and ensure no failure can negatively impact the reactor.
In addition to developing the localization system, it is important to prove the design
meets the positional accuracy requirements as well as all other requirements. The
localization system and robot as a whole should be able to meet requirements shown
in Section 1.4.3. In order to prove the accuracy requirements of the localization
system are met, a test bench with an independent system for providing ground truth
position measurements will need to be developed. This system is not subjected to the
same environmental restrictions as the robot, and can use conventional non radiation
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hardened sensors for position feedback.
1.4 Requirements
Many of the requirements shown in Section 1.4 are found in the CIGAR requirements
documentation [12]. The intention is that the same requirements met by CIGAR shall
be met by the inspection robot. There are many additional requirements that have
been added to meet the specific requirements of the robot crawler.
1.4.1 Physical Requirements
(a) The robot crawler shall be designed to fit inside the fueling machine, with a
maximum overall length of less than 1 m, including the length of the CIGAR
inspection head.
(b) The robot shall be capable of operating inside pressure tubes with inner diam-
eters that range from 103 - 110 mm (estimated end of life ID).
(c) The robot must be capable of travelling through a sagged fuel channel with up
to 90 mm of total sag (estimated end of life sag geometry).
(d) The weight of a complete inspection robot including CIGAR shall not exceed
22 kg (maximum payload capacity of 11 kg / crawler track).
(e) The design shall allow failed components to easily be retrieved and replaced.
Specifically the electronics for the robot must be enclosed in a replaceable en-
closure.
(f) All wiring shall be protected from abrasion and physical damage as much as
possible.
(g) All exposed materials shall be corrosion resistant.
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(h) All external components shall have smooth non-porous surfaces for easy decon-
tamination and to reduce contaminant leaching. Components shall be able to
be sufficiently decontaminated to allow for maintenance.
(i) The inspection robot shall be designed with foreign material exclusion principles
in mind to avoid depositing any material that does not belong inside the fuel
channel.
(j) The robot must be capable of operating while submerged in heavy water and
in the environment of the heat transport system and the reactor core. The
environmental conditions include a water pressure of 262 kPa and temperature
of approximately 50 degrees Celsius.
(k) All components shall be designed for simplicity of construction, operation, and
maintenance.
1.4.2 Functional Requirements
(a) The inspection system must be delivered to the fuel channel by the fueling
machine.
(b) The robot must be capable of crawling the entire length of the pressure tube to
be able to perform a full volumetric scan.
(c) The robot must be capable of pushing the full weight of the CIGAR sensor
head, approximately 7 kg. The robot shall also be able to rotate the weight of
CIGAR without excessive twisting non-stop for at least one full length pressure
tube scan (45 degrees in either direction or less if the robot tracks lose traction
at a lesser angle).
(d) The robot must provide continuous axial rotation for the CIGAR sensor head
with the use of a rotary motor/gear reduction. The output shaft of the motor
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shall deliver a minimum starting torque of 3.5 N · m (500 oz · in) and a minimum
torque of 2.1 N · m (300 oz · in) when operating at 60 RPM.
(e) The rotary motor/gear reduction output shaft shall have no more than 3 arc
minutes of backlash.
(f) At least one auxiliary system must be available for retrieving the robot if there
is a loss of power. This system must have a physically and electrically separate
source of power from the main power supply.
(g) The robot should be capable of performing at least 100 hours of in-channel
fuel channel inspection without requiring refurbishment, with the exception of
the robot’s on-board electronics. Due to the sensitivity of these components to
radiation they should be designed to be easily replaced if their lifetime is less
than 100 hours. Replacement frequency shall be determined during the detailed
design, but at a minimum it should be 10 hours to allow inspection of at least one
channel before replacing electronics with some safety margin. A failed electrical
board shall not impact the safe removal of the robot and CIGAR from the fuel
channel.
(h) The robot shall be capable of performing inspections semi-autonomously, where
the volumetric scans are completed autonomously. The operator shall still able
to control the operating parameters and decide where the robot should be sent
for further scanning of potential flaws.
(i) The robot must be capable of controlling its own speed, both linearly and rota-
tionally, with an on-board controller. This controller must also allow the robot
to come to a controlled stop at desired locations.
(j) The robot must be able to localize itself within the fuel channel with reference
to its starting location at all times.
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(k) A minimum of three position sensing devices shall be used to provide redundancy
in the event that one sensor fails. A sensor fusion method must be implemented
to fuse multiple sensor readings into a single more accurate reading.
(l) The localization system must be capable of recognizing when it has reached its
home position, employing either an absolute position measurement system or a
method to sense a fixed reference point.
(m) A power supply must be designed to provide sufficient power to the robot as
well as CIGAR.
(n) Data from the robot as well as from CIGAR must be able to be communicated
to a computer located outside of the reactor vault.
1.4.3 Performance Requirements
(a) The robot shall be capable of travelling in a controlled manner at speeds ranging
from 0.5 mm/s to 50 mm/s. An acceptable level of speed control is defined when
the speed ripple as measured by the position feedback device(s) shall be less than
negative 5 percent of the desired speed (it is preferable to drive slower to not
miss scanning areas of the pressure tube).
(b) The rotary motor/gear reduction output shaft should be capable of reaching
speeds as high as 100 RPM. However, the normal operating speed of 60 RPM
is acceptable and shall be met indefinitely.
(c) The localization system shall be capable of providing position data with an
accuracy of within 1 mm of the actual position at all times. This accuracy
should be maintainable in any conditions that may cause position errors to
develop. This benchmark accuracy shall be verified with the use of a test bench
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capable of providing real-time accurate absolute position data. This absolute
position system may also be used for calibration purposes.
(d) The rotary motor shall use a rotary position sensor to measure the robot’s
position with an accuracy of ±0.1 degrees
(e) The robot shall be capable of functioning in a radiation field with a dose rate of
up to 1 MRad/hr. The robot shall continue to function at a minimum integrated
dose of 100 MRad, with the exception of the robot’s on-board electronics which
should be made replaceable.
(f) Electrical cable insulation and any non-metallic components susceptible to radi-
ation shall be radiation tolerant at external exposure levels of up to 100 MRad.
(g) If any one sensor fails or if two sensors fail on the robot frame where the radia-
tion is highest, the localization system shall be capable of maintaining position
accuracy of within 5 mm of the actual position to allow reliable control. This
benchmark accuracy shall be verified with the use of a test bench capable of pro-
viding real-time accurate absolute position data. This absolute position system
may also be used for calibration purposes.
1.4.4 Safety Requirements
(a) Failure including loss of electrical power shall not lead to any nuclear safety
concerns that have not been addressed in the safety analyses already completed
for the station or in any way affect the basis of the operating license.
(b) In order to ensure that the heat transport system is able to effectively keep the
fuel cool, the inspection robot shall allow bypass flow for the removal of decay
heat. The space around the robot will be sized to ensure a decay heat of up
to 6 kW per bundle can be removed from the fuel channel. This will require a
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bypass flow area of at least 10 square centimetres at the most restrictive point
in the tool. It is also important to ensure that fuel cooling will not be impaired
by any failure of the inspection robot.
(c) Operators and maintainers of the inspection robot shall be protected from sig-
nificant radiation fields either by shielding or by administrative barriers.
(d) The robot design shall minimize radiation exposure from particulate deposited
on the tool during normal operations. The materials used in the construction
of the robot shall be selected to minimize contamination during operation and
allow for easy decontamination before completing maintenance.
(e) The robot shall not cause damage to the fuel channel either by mechanical
interaction or by energy discharge of any kind. This also includes the inherent
requirement that it must maintain its integrity during in channel operation and
that no foreign material can be deposited in the fuel channel or the fuel handling
system during the service mission of the equipment. Materials that wear as a
result of abrasion shall be non-detrimental to the fuel channel and the fuel
handling system.
1.5 Contributions
The main contributions of this thesis include:
1. Continued development of the robot crawler prototype.
(a) Integrated spring loaded centering wheels.
(b) Integrated three passive encoder wheels for redundant position feedback.
(c) Integrated a rotary drive motor for CIGAR including rotary encoder feed-
back.
20
(d) Developed a compact breakout board for the robot’s on-board electronics
that could fit inside the shielded enclosure.
2. Developed a custom cable position transducer with dual purpose as an emer-
gency retrieval device.
3. Developed a localization system for linear and rotary position feedback.
(a) Utilized existing sensor fusion algorithms to be customized for this appli-
cation (a modified/tuned Unscented Kalman Filter (UKF) algorithm).
(b) Incorporated measurement error detection due to wheel slip or encoder
wheels traversing surface flaws.
4. Developed a localization system test bench.
(a) Utilized a clear polyvinyl chloride (PVC) test pipe and vision system to
provide an accurate ground truth for comparing the accuracy of the robot’s
localization system.
(b) Developed a test procedure to allow the robot design and control sys-
tem/localization system parameters to be refined in a logical sequence.
1.6 Organization of Thesis
The organization of this thesis following this introductory chapter is as follows:
 Chapter 2: Background - This chapter provides a summary of the previous work
done on the pipe crawling robot and the research areas and related works that
were studied in this thesis.
 Chapter 3: Design Overview - This chapter discusses some of the considerations
made in the design, followed by a brief summary of the contributions made
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in this thesis, and finally an overview of both the conceptual design and final
prototype design.
 Chapter 4: Prototype Design and Methods - This chapter provides a further
breakdown of the final proof-of-concept prototype design developed in this thesis
and the various elements of the prototype and supporting systems.
 Chapter 5: Testing Methods - This chapter presents the robot localization sys-
tem test bench, the various test cases for the robot
 Chapter 6: Test Results - This chapter presents the results from the various
test cases and provides further discussion and comparisons regarding the overall
accuracy of the robot’s localization system.
 Chapter 7: Conclusions and Future Work - This chapter provides a brief sum-





2.1 Summary of Previous Work
The solution that was initiated by fellow UOIT researcher, Shivam Shukla, was to de-
sign and develop a pipe crawling robot to deploy the existing CIGAR sensor head [13].
The initial pipe crawling robot prototype developed by Shivam Shukla is presented
in Section 2.1.2. In order to deploy CIGAR, further developments to this initial pro-
totype must be made. The robot must be capable of travelling the full length of
the pressure tube while simultaneously rotating the sensor head. The design shall
be capable of being delivered inside the fuel channel from the fueling machine, in a
pre-assembled payload constructed safely off-site. Once inside the fuel channel, the
robot shall be capable of performing inspections remotely.
2.1.1 Radiation Models using MCNP
In the design of an inspection system for a CANDU reactor the harsh environmental
conditions and limited accessibility pose perhaps the greatest challenge. The radiation
field found inside a fuel channel has been documented as being as high as 1 MRad/hr
[12]. This measurement is often used as a baseline, however, no basis for how this
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Figure 2.1: MCNP Simulation Graphical User Interface [14]
value was reached could be found. In order to have a better understanding of the
lifetime to be expected in such a strong radiation field, a computer simulation was
undertaken to develop more accurate estimates of the exact radiation levels inside
the fuel channel. This simulation can be found as a part of a related research thesis
prepared by fellow researcher Jordan Gilbert [14]. The results of this research thesis
provide some key information to aid in the design of the inspection system. A view
of the graphical user interface for this computer simulation in MCNP can be seen
in Figure 2.1. Here the various simulation parameters can be set with the selected
channels (in this case A13 and M13) highlighted in red. The simulation computes
the dose rate at the selected channels when fuel is removed at only the channel being
computed but remains present in all surrounding channels.
The dose rates for various numbers of days after shutdown were computed using this
simulation for both the channel closest to the centre and a channel furthest from the
centre. Table 2.1 shows the worst case dose rate in the channel closest to the centre of
the reactor (Channel M13). Table 2.1 also shows this same dose rate information for
the lowest dose rate expected for the channel furthest from the centre of the reactor
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Table 2.1: Dose Rates (highest/lowest) and Days After Shutdown
Dose Rates (kGy/hr)






This information is very useful in planning inspection campaigns to minimize the
doses on the equipment and thereby maximize their service life. An obvious strategy
to accomplish this would be to inspect the channels systematically starting from the
channels with the lowest dose rate furthest from the centre of the channel. Then
after a number of days the inner channels may be inspected once the dose rates have
lowered. This data will also help in the design of the robotic inspection system. When
the data in Table 2.1 is compared to the original 1 MRad/hr (10 kGy/hr) estimate it
appears that this estimate may be more conservative with the data finding the dose
rates to be almost half this value just one day after shutdown and with decay over
time even less. This data allows a better prediction of when the sensitive components
and electronics are expected to fail and how to effectively budget efforts to protect
these components.
2.1.2 Pipe Crawling Robot Prototype
The pipe crawling robot was developed based on similar inventions, but the specific
requirements tailored the design towards its use in this unique application. The design
most closely resembles the Verstrax 100 pipe crawler developed by the Canadian based
company Inuktun Services Limited. The company specializes in designing remotely
operated vehicles and robots that operate in hazardous environments. Similar to the
Versatrax 100, the final design utilized a pair of Inuktun’s motorized tracks positioned
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Figure 2.2: Pipe Crawling Robot
inline with one another. The unique aspects of the design included a set of spring
loaded wheels to grip the pipe and expand to fit inside pipes of varying diameters,
and also included a shielded water tight enclosure for electronics. This enclosure also
needed to be rather thick in order to protect the robot from the extremely high levels
of gamma radiation found inside the fuel channel.
There were many different design iterations utilizing different configurations before a
final design was developed. The design evolved to attempt to find the best configu-
ration, which can be seen in Figure 2.2.
The design of the electrical enclosure was developed to attempt to reduce the damage
caused by the high levels of ionizing radiation. However, with the limited space, the
largest thickness found to be possible for the electrical enclosure was found to be 20
mm. This allowed enough room to still fit all the electrical components inside. In
the initial proof-of-concept prototype aluminum was used as the material. For future
prototypes this material will later be replaced with a more effective shielding material
such as tungsten or possibly even depleted uranium. The selection of the shielding
material shall be determined in later research. The type of shielding used depends
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on the type of radiation encountered. Alpha radiation does not pose much of a risk
as it is easily shielded. Even a single sheet of paper is capable of absorbing alpha
particles. Beta radiation is slightly more penetrating and it takes a few millimeters
of aluminum to block a Beta particle. Gamma radiation is highly penetrating, and
requires about one foot of lead to effectively stop gamma radiation reducing their
strength by a factor of one billion [15].
2.1.2.1 Preliminary Test Results
Following the development of the robot crawler prototype, a number of initial func-
tionality tests were performed. First, the robot performed a strength test to prove it
was powerful enough to push the weight of CIGAR along with the robot’s own weight.
Second, the robot was tested to ensure it could travel the full length of the pressure
tube without twisting out of alignment. Finally, the robot was tested for proof of
speed control.
The method of testing the pulling force of the robot was based on a variable amount
of down force on the tracks. With more down force on the tracks, the tracks would be
capable of pulling more mass. However, an upper strength limit would appear once
the motors begin to audibly bog down. The specifications from the manufacturer
provide a pull rating of 7 kg (15 lb) per track. The test confirmed that the two
tracks could deliver a combined pulling force of atleast 13.6 kg (30 lb) when a load
of approximately 18.2 kg (40 lb) was placed on top of the tracks for a total weight
of 22.7 kg (50 lb) when considering the weight of the tracks themselves. This seems
reasonable and correlates to a static coefficient of friction of roughly 0.6 for the dry
test conditions for rubber on steel. These tests would need to be repeated for the final
design where it is expected that the rubber tracks would be replaced by a suitable
replacement radiation hardened elastomer material.
The second test was to ensure the robot does not twist excessively while travelling
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along the length of the pressure tube. At this early design stage this test was mainly
just to ensure proper alignment of the drive wheels and that the frame was of solid
construction. This test would need to be repeated later on once the full weight of
CIGAR is being driven by the robot to test if the robot can be subjected to this
reaction moment without excessive twisting.
The final test was to ensure that the design could easily achieve proper speed control
using a simple Proportional, Integral, Derivative (PID) algorithm. This test used a
single encoder wheel for feedback. The results of this test were useful to observe the
response of the motors and what speeds the robot could operate at while maintaining
smooth control. That way if any mechanical issues were identified they could be fixed
early on before integrating more sensors and a more advanced control algorithm.
These speed control tests were carried out at speeds of 10 mm/s, 25 mm/s, 40 mm/s
and 55 mm/s. As observed from this data, the speed control results were very rough.
This is mainly due to the sampling frequency being set too high leading to larger than
normal quantization errors in the encoder speed measurements. This also means the
recorded encoder data is a more inaccurate representation of the actual error. When
the actual operation of the motors was observed the speed control seemed to be a
lot smoother than the data seemed to represent. However, when there are only 8 or
9 encoder counts occur per sample period, it makes a big difference in the recorded
speed when either 8 or 9 pulses are counted. This can be easily corrected for in future
tests.
2.1.2.2 Comparison of the Pipe Crawling Robot vs Existing Solutions
There are many pipe crawling robots that exist currently for a variety of applica-
tions. Pipe crawling robots are most commonly used for the purpose of performing
inspections similar to the application in this thesis. The robots mainly differ in size
and mass. For applications that require that the pipe crawling robot goes around
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Figure 2.3: The Pipe Crawler [16]
Figure 2.4: The Pipe Crawler - Screw Drive [16]
bends, a segmented snakelike robot or wheels are typically used. For shorter robots
and robots that inspect straight pipelines, a uni-body frame is used. If the robot is
really heavy or needs added traction, tracks are normally used instead of wheels. If
using tracks, these tracks may be oriented inline with one another when the pipe is
smaller or multiple tracks may be used to grip the circumference of the pipe for larger
pipes. Keeping these differences in mind, a number of different pipe crawling robots
will be compared with the design shown in this thesis.
The first design that will be looked at is called “The Pipe Crawler” developed by Eiki
Martinson [16]. The overall design can be seen in Figure 2.3. This design shows an
example of a robot that is made of flexible segments for being able to travel through
curves. The unique element of this design is that it uses a set of angled wheels
to propel the robot with a screw drive as shown in Figure 2.4. This type of drive
mechanism was considered for use in this application. The disadvantages of this type
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Figure 2.5: Versatrax Vertical Crawler [17]
of drive mechanism is that since it uses wheels, for heavier payloads it can be prone
to slippage as observed from reviewing video footage of this design [16]. The tracks
that were used in the final selected design in this thesis provide much better traction.
The other disadvantage of the screw drive is that since it couples rotary motion to the
translation of the robot, which would be good for volumetric scans, it does not allow
the robot to move with separate rotary and linear motions. This would also mean
that if the screw drive was damaged the robot would be difficult to pull out even if
a tether was used as a backup since the wheels are angled. This is why this type of
design was not selected for use in this work.
Another design that will be discussed is an off-the-shelf solution provided by Inuktun
called the Versatrax Vertical Crawler, as seen in Figure 2.5. This robot is very close
to the solution that is desired in the application of pressure tube inspection and is in
fact the same manufacturer of the tracks that were selected. This design uses three
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motorized tracks to tightly grip the pressure tube and allow it to even travel through
vertical pipes. This same tight grip is what is required to counteract the torque used
to drive the fairly heavy CIGAR sensor head. The only problem with this design is
that it is simply too large to be used in a pressure tube of only 103 mm (approx.
4 inches) in diameter. The Versatrax Vertical Crawler is only capable of inspecting
pipes with a minimum diameter of 203 mm (8 inches). Even trying to use just two
motorized tracks instead of three, it would be difficult to develop a design that could
inspect pipes any smaller than 152 mm (6 inches). Until more compact tracks become
available that are rated for underwater operation, it became clear that only one track
would be able to fit inside the pressure tube and the other side of the pipe would need
to be gripped differently.
Figure 2.6: Versatrax 100 [17]
Figure 2.7: Pipe Crawler for Fuel Channel Inspection
The final design that will be looked at is the Versatrax 100, which is another product
from Inuktun, but is available in an inline track configuration capable of being used
in pipes as small as 101.6mm (4 inches). This design most closely resembles the
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final design that was selected for this work. The most obvious similarity is that the
design uses a pair of identical Inuktun Microtracs as seen in Figure 2.6, with the
fuel channel inspection robot shown in Figure 2.7 for a comparison. The Versatrax
100 has more flexibility in the frame, which was not required in this application as
the constant velocity joint on CIGAR is capable of providing all the flexibility that
is required. The fuel channel inspection robot is much heavier since it also has a
shielded enclosure located in the centre of the two tracks.
Figure 2.8: Fukushima Robot - Parallel Configura-
tion [17]
Figure 2.9: Fukushima Robot - Inline Configuration
[17]
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Other custom made pipe crawlers, similar to the Versatrax 100, have also been de-
veloped [17]. One example of such a robot can be seen in Figure 2.8 and Figure 2.9.
This robot was used to crawl inside the Fukushima Daiichi Nuclear Plant to provide
data and help with cleanup efforts following the accident in 2011. Unfortunately this
robot did not survive the radiation and eventually stopped working due to electrical
problems [18]. Electronics seem to be the most susceptible to damage due to radia-
tion. This design was looked at as a learning lesson, that even after spending lots of
time and money developing this robot, the robot was still not able to handle the envi-
ronment it was placed in. For this reason, in the design of the pipe crawler robot for
fuel channel inspection, careful consideration was given to use as much radiation data
and MCNP simulations to provide the best possible estimation of the environmental
conditions and the robot’s expected lifetime based on expected dose rates. Looking
at the data from these simulations it was clear that a very thick shielded enclosure
for the electronics would be necessary.
2.2 Research Areas
To implement this design successfully there are a number of challenges that must
be overcome. These challenges will become key areas of research in this thesis. To
summarize the main challenges identified in this thesis, first the design must include
a localization system to accurately measure the position of the robot and the angle
of rotation of the sensor head. Second, the design of the robot must only utilize
components that can survive the harsh environment of a nuclear reactor. Finally, the
design must protect both itself and the health of the reactor from potential failure
modes and their side effects.
The design of the localization system is the main focus in this thesis. In order to
select the best method of localization for this application, a thorough study of the
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many different types of localization sensors will be performed. The main criteria for
selection shall be the sensors ability to survive the environmental conditions of the
nuclear reactor. The main concern being the radiation tolerance of the components.
However, the sensors must also be able to handle the temperature, allow submersion
under water, and be practical to implement.
2.2.1 Localization Sensors
2.2.1.1 Radiation Tolerance of Components
Developing electronic devices that can survive such high radiation environments is
very difficult. In the nuclear industry the issue of radiation is typically overcome by
using shielding to protect electronics as well as workers. However, this requires ample
space where there is plenty of distance provided between the source of radiation and
the electronics. Inside the reactor there is very little distance provided from the sources
of radiation (i.e., the fuel bundles) and also space restrictions due to the inner diameter
of the pressure tube being only 104 mm. It is possible to provide some shielding to
electronics placed inside the fuel channel, but the amount of shielding may not be
sufficient. There is also radiation hardened electronics that have been developed to
help overcome problems in using electronics when thick shielded enclosures are not
possible or impractical. It is likely for the design of the inspection system, that both
shielding and radiation hardened electronics will be used.
Even with all possible means to protect electronics from radiation, it must be accepted
that they can only be made to survive for a given lifetime. This lifetime is defined
by the total ionizing dose (TID) or the total radiation dose that the electronics are
rated to survive. In some cases radiation can also cause electronics to experience
temporary glitches, known as Single Event Upsets (SEUs), or permanent damage,
known as Single Event Latchup (SEL) or burnout. SEL is not considered possible in
this application, since as identified by fellow researcher Jordan Gilbert, the high energy
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particles capable of causing this are generally only a threat to space electronics [14].
Also most radiation hardened electronics can be made latchup immune even in space.
SEUs are still considered possible, where the effects are temporary and may cause
a spurious signal within the microcontroller or its peripherals. Radiation hardened
electronics are designed to deal with the effects of SEUs.
2.2.1.2 Odometry
The use of odometry in mobile robotics is very important and is among the most
widely used methods due to its low cost and ease of implementation in wheeled robots.
Odometry may be difficult to implement for kinematically complex designs or designs
that use something other than wheels for locomotion. Borenstein, Everett, and Feng
[19] identify a key issue with odometry, due to the long term effects of incremental
errors in the system. This type of error can be seen in all Dead-Reckoning localization
methods. Dead-Reckoning is the term used to describe any system that repeatedly
uses old position data when calculating new position data.
There are two types of errors in odometry. One type is systematic errors, which
may result from: non-nominal wheel diameters, wheel base, unequal wheel diameters,
wheel misalignment, or finite encoder resolution and sampling rate. The other type of
errors are non-systematic errors, which include: wheel slip, skidding, external forces
(interaction with other bodies), internal forces (castor wheels), or non-point wheel
contact with the floor (it is common to assume point contact). The difference be-
tween systematic errors and non-systematic errors, is systematic errors are occurring
constantly, where non-systematic errors occur periodically and unexpectedly (i.e., the
error due to wheel slip is only accumulating for the instant the wheel slips at an
unknown time and for an unknown period).
The methods to overcome these problems will primarily depend upon an additional
method of localization being used to either provide calibration data (initializing or
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periodically updating position information) or to work in parallel to achieve greater
accuracy than when only a single method of localization is used. It is very important to
understand the advantages and disadvantages of a localization method before attempt-
ing to employ multiple localization methods at once to ensure the methods work in
harmony. Otherwise, combining localization methods can make the errors even more
severe. Secondarily, when the problems with odometry cannot be overcome, methods
to reduce sources of error can be made. It is typical that non-systematic errors can
be removed entirely with either an additional localization method (which will still
have its own systematic errors) or controlling the design or environment to prevent
the error from occurring. For example to prevent wheel slip, the max acceleration
can be reduced, the wheel material can be made from rubber, and the robot will not
be permitted to operate in slippery or wet conditions. Sometimes these conditions
cannot be controlled tightly enough to reduce the probability of a non-systematic
error occurring to zero. For systematic errors, errors cannot be prevented and will
always accumulate. The designer is only able to employ error reduction strategies by
improving the accuracy of the design parameters.
2.2.1.3 Inertial Navigation Systems
Inertial navigation systems (INS) are most commonly used for guidance systems for
aircraft or rockets. They are also used in some of the more advanced land vehicles.
Titterton and Weston [20] have noted that INS are becoming more widely used for a
wider range of applications with the development of micro-electromechanical sensors
and more powerful computers. The sampling rate of position data will always lag
behind alternative methods of localization due to its complexity. The main benefit to
encourage the use of INS’s is that they are self-contained. As described by Barshan
and Durrant-Whyte [21] the basic design of an INS consists of gyroscopes, which
provide data for the angular rate in various axis, and accelerometers, which provide
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data for the velocity rate or acceleration in various axis. The number of gyroscopes
may vary based on the number of degrees-of-freedom (DOF) of the system, however,
the fundamental concept for how an INS functions remains the same. Typical designs
will capture data from three gyroscopes (x, y, z) and three accelerometers (x, y, z)
to use on an unconstrained 6-DOF mobile platform. In a design where the motion of
the mobile platform is constrained to less than 6-DOF, less sensors may be required.
INS suffer from the same accumulation of errors as odometry and over time the error
in position becomes more severe. INS rely on having an auxiliary positioning system
to periodically update the position information to ensure accuracy is maintained over
time. One major benefit to INS is that they are very resilient and not prone to
errors caused by their environment. Although the variety of applications for INS is
increasing it is still a very specialized instrument. It is usually only used in outdoor
environments when the INS can work in collaboration with existing GPS systems. If
INS are to be used indoors they will likely require another localization method to be
used when position information is required with respect to a fixed reference frame.
One of the major drawbacks when considering the use of INS in this application is that
accelerometers can be less accurate due to electrical noise especially when exposed
to electromagnetic interference. Also the robot will be mostly travelling at slower
more constant speeds, so noisy signals would not be tolerated when measuring lower
accelerations.
2.2.1.4 Other Radiation Hardened Sensors
There are a variety of other radiation hardened localization sensors that were con-
sidered in this project. The most notable options include: inductive or magnetic
proximity sensors, ultrasonic range sensors, radiation hardened cameras, and fibre
optic sensors. Capacitive proximity sensors can also be radiation hardened, but at
somewhat lower total ionizing doses than other types proximity sensors.
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2.2.2 Sensor Fusion Methods
A wide variety of sensor fusion algorithms are available and each type of sensor fusion
algorithm has many other variations. These variations may be made for a specific
application or may just be based on one researcher’s ideas of how they could solve
this rather boundless problem.
To help filter through what sensor fusion algorithms may be useful for this particular
application it is useful to first explain how sensor fusion algorithms are classified.
Sensor fusion itself belongs more broadly to a field of study commonly called data
fusion or sometimes called information fusion. Data fusion can be classified in a
number of different ways. The most common ways to classify different algorithms are
according to: relations between data sources, abstraction level, or based on how they
handle uncertainty. These classifications can be found explained below, as based on
an article found in the Scientific World Journal. [22].
Data sources can relate data to one another in a way that is either: complementary,
redundant, or cooperative. Complementary data sources will relay different pieces of
information to be fused together. Redundant data sources relay the same variable or
piece of information as one another. Cooperative data sources will relay information
that is incomplete without the entire group of cooperative data sources present.
Abstraction levels for data fusion algorithms can either use: raw data, features, sym-
bolic representations, or multiple levels of abstraction simultaneously. In this thesis,
only sensor fusion algorithms that use raw data will be discussed. This is assumed
since the robot travels along a fixed path with little or no feature data to provide any
useful information for localization purposes.
All sensors will suffer from some level of uncertainty. Therefore, one thing that all
sensor fusion algorithms have in common is that they must have some way of dealing
with this uncertainty. For simplicity, these methods can be described to fall under
two groups: algorithms that use multiple hypothesis and algorithms that use a single
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hypothesis or estimate along with a covariance for this estimate. Multiple hypotheses
sensor fusion algorithms are typically only used for robot localization applications
when combined with the use of mapping. The use of multiple hypotheses can then
help to find the most likely hypothesis of where the robot is located within that map
based on its surroundings when sensors cannot determine the location directly. The
application of a pipe crawling robot will not involve feature modeling or mapping and
also utilizes sensors that can determine the robot’s position directly. Therefore, this
thesis will only focus on single hypothesis sensor fusion methods.
2.2.2.1 Average / Weighted Average
This method is just as simple as it sounds, where multiple sensor readings can simply
be averaged to obtain a single value. There is also a slight variation to this algorithm
where a weighted average can be used to apply higher confidence levels to certain
readings. Although this is a very low level algorithm, it does add accuracy when
compared to using single sensor measurements. The advantages are that this method
is rather computationally inexpensive and is easy to use. The disadvantage is that
this method is not as accurate when compared to more sophisticated sensor fusion
methods. Another disadvantage is it requires all measurements to be received at
the same time in order to be fused together. Any latency in the individual sensor
measurements can lead to a loss in accuracy.
2.2.2.2 Voting
The voting method is similar in complexity to averaging as a rather simple fusion
method. There are many varieties of voting algorithms such as: highest voter, median
voter, threshold voter, and fuzzy voter. Some voting algorithms can only be used when
there are only a small number of possible states. For example, highest voter method
simply uses the state that receives the highest number of votes/readings. Other
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methods such as median voter are more flexible and can be used to fuse floating point
data. Median voting uses the median value as it typically is the most accurate value for
normally distributed data. Since voting method rejects less accurate sensor values,
it is best used when there is less confidence in sensor data and there are spurious
readings that need to be rejected fairly frequently to maintain accuracy.
2.2.2.3 Kalman Filter
The Kalman filter is a more complex method of sensor fusion that uses an iterative
algorithm to calculate the most likely state based on sensor measurements and their
covariance over time, which is tracked as a probability density function, most com-
monly a Gaussian probability distribution. Each iteration of the algorithm can be
broken down into two steps. The algorithm first predicts what the robot’s state will
be based on the previous state estimate. This is known as the priori estimate. The
second step is to take the new sensor data compare it with the predicted state and
develop a better estimate that incorporates all this information. This step is known
as the posteriori estimate. This generic formulation of the Kalman filter can be seen
in equations 2.1, and 2.2 for the priori estimate and equations 2.3, 2.4, and 2.5 for
the posteriori estimate [23].
Priori Estimate






x̂−k represents the current state estimate based on the previous state, x̂k−1, passed
through the state transition model, Fk. There is also the option of incorporating the
control inputs vector, −→u k, by passing it through the control input model, Bk.
P−k represents the priori covariance estimate based on the previous covariance esti-
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x̂+k = x̂k +Kk(
−→z k −Hkx̂k) (2.4)
P+k = Pk −KkHkPk (2.5)
where
Kk represents the Kalman gain that helps the algorithm compute an estimate based
on the highest probability, and Rk represents the measurement noise covariance.
x̂+k represents the current state estimate based on both the priori estimate and the
innovation or adjustment based on measurements, −→z k, passed through the observa-
tion model, Hk.
P+k represents the posteriori covariance estimate.
In the priori estimate, the predicted state can be calculated based on the kinematics
of the robot and previously recorded state estimate. For example, imagine a car
travelling down a highway. If the previous estimate of the cars speed was 72 km/hr
and the previous position was at the 20.0 km highway marker. Five seconds later it
would be expected, assuming the speed has not changed drastically, the car would now
be at the 20.1 km marker having moved 0.1 km in 5 seconds. Now the car could have
accelerated somewhat and there may be any number of external factors that were not
accounted for. To account for these factors, a correction is made in the priori estimate
to account for added uncertainty, keeping the same mean position estimate but with
increased uncertainty. What this priori estimate does is provide a reality check to the
position estimates by providing an estimate range that is most likely based on the
previous estimates and based on the kinematics of the system. How fast can the car
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accelerate or brake in five seconds? For a reckless driver maybe quite a bit, but for a
steadily controlled vehicle driving to maintain a speed limit, not so much.
The posteriori estimate is made by multiplying two Gaussian Probability distributions
together, one for the priori estimate and one for the transformed state space based
on sensor readings with covariance. By doing this operation, the most probable state
estimation is given considering both the predicted state and the measured state. The
actual state will most likely fall somewhere in between, which is where the posteriori
estimate will fall. The covariance gets shrunk down from the priori estimate since the
covariance must provide a range of most likely values both within the covariance of
the expected state as well as the covariance of the sensor feedback. For example the
priori estimate of the car from the earlier example may have a covariance in speed of
±2 km/hr from the last speed estimate if the samples are taken at every one second
interval. This type of covariance is known as the process noise covariance. This can
be determined based on the limits of how quickly the car can accelerate or decelerate
in one second. The speedometer sensor also has a covariance of ±2 km/hr from the
actual velocity. This type of covariance is known as the measurement noise covariance
and is simply based on the sensor’s accuracy. If the last speed estimate was 76 km/hr
and the speedometer shows a new speed of 77 km/hr 1 second later, the covariance in
the posteriori estimate would have now improved from the original ±2 km/hr, since
it is unlikely that the speed is less than 75 km/hr given this is on the low end of
the measurement noise covariance range, and it is unlikely that the speed is above 78
km/hr since this is on the high end of the process noise covariance range.
2.2.2.4 Extended Kalman Filter
The Extended Kalman Filter (EKF) is a special type of Kalman filter that can be
used for non-linear estimation problems. The EKF applies a first order linearization
of the non-linear system when processing sensor readings that are approximated as
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Figure 2.10: True Mean and Covariance vs EKF and UKF Transforms [24]
Gaussian Random Variables (GRV) [24].
2.2.2.5 Unscented Kalman Filter
The Unscented Kalman Filter (UKF) is another type of Kalman filter that can be
used for non-linear applications. The reason it is called an “unscented” Kalman filter
is some tongue and cheek humor from the creator of this method to say that unlike
some other Kalman filters this one does not stink. There is a noticeable improvement
in the performance of this filter when comparing the results of the UKF side by side
with the EKF as seen in Figure 2.10. This is impressive when considering this method
does not take much more processing power to achieve these results when compared to
the EKF. The UKF can still be processed in real-time relatively easily, of course this
depends on the complexity of the task and how many variables are being estimated
by the UKF.
The UKF works by passing a number of data points called sigma points, where these
points are selected to accurately represent the true mean and covariance of the Gaus-
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sian Random Variable that is used to represent each sensor’s data with a normal
probability distribution. These sigma points when passed through the UKF’s poste-
rior estimate are able to provide true mean and covariance estimates that are accurate
to the 3rd order Taylor Series expansion [24].
2.2.3 Odometry Drift Mitigation Methods
There are many factors that can lead to the position accuracy of wheel encoders drift-
ing over time. These factors are briefly described in Section 2.2.1.2, where errors are
broken down in to either systematic or non-systematic errors. Systematic errors are
quite easy to deal with by performing an accurate calibration of the wheel encoders.
Non-systematic errors will not be accounted for in the calibration. Non-systematic
errors are more difficult to deal with and require the use of real-time diagnostics to
realize when non-systematic errors, such as wheel slip or uneven terrain, are encoun-
tered.
2.2.4 Wheel Encoder Calibration
The method used to calibrate the sensors will depend on the application. In many
applications it is assumed that the non-systematic errors will be larger than the sys-
tematic errors, so calibration accuracy is more relaxed to permit a one time calibration
simply based on measuring the approximate wheel diameter and counts per revolu-
tion. From these two parameters the distance travelled per encoder count can be
calculated. This method can be effective when the encoders are mainly used to pro-
vide velocity information and the encoders are expected to be fused with another
absolute position measurement that is not prone to drifting over time.
Another method of calibration used for wheel encoders is by trial and error, using
absolute position or orientation measurements with respect to a fixed reference or
starting point. The complexity of this method will depend on the kinematics of the
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Figure 2.11: UMBMark Square Path Test [25]
robot. For the common two wheeled, differential drive robot there is an additional
parameter of wheel base that needs to be calibrated in addition to wheel diameter.
To accomplish this, it is common to also make the robot perform a series of turns
in addition to having the robot travel in straight lines. The University of Michigan
Benchmark Test (UMBMark) [25] is one of the more commonly used methods for
calibrating both wheel diameter or rather difference in wheel diameter and wheel
base. This test involves the robot driving in a square path involving four straight
lines and four 90 degree turns. If there are no errors the robot should end up exactly
where it started with an identical orientation. What is noticed in most cases, however,
is that due to the wheel diameters not being exactly the same, the robot will not drive
in a perfectly straight line when each wheel is commanded to run at the same speed.
Due to any inaccuracy in the wheel base measurement, the robot will also not make
perfect 90 degree turns. An illustration showing the errors identified in this method
is shown in Figure 2.11.
For the application of a pipe crawling robot the kinematics are not quite the same as
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those shown in the example of a two wheeled differential drive robot. The two wheeled
robot is unconstrained in both position and orientation, where the pipe crawling robot
is constrained in its orientation to follow the path of the pipe, but unconstrained in its
position or the distance it has travelled along that path. So instead, the calibration
becomes quite a bit simpler for the pipe crawling robot. With the use of a straight
pipe to calibrate the encoders, it is known that the robot will travel a straight path.
This will still be the case even if the wheels are slightly different diameters. However,
the different diameters of the wheels will result in a slightly different position mea-
surements for how far each encoder believes the robot has travelled. By calibrating
each encoder individually this error can be greatly reduced. To calibrate the wheel en-
coders, an absolute position measurement system will be used to provide an accurate
ground truth for calibration.
It is important to note that if calibration is done using the trial and error method with
absolute position measurements, the calibration should be done in ideal conditions
where wheel slip and other non-systematic errors are eliminated as much as possible.
The test pipe should be made as straight as possible and with no noticeable scratches
or unevenness for the wheels to traverse. Failure to provide an ideal environment
for calibration will lead to large calibration errors. These errors will then form later
in testing when attempting to account for non-systematic errors. If this ideal test
environment cannot be provided, it may be found that the calibration may be more
accurate to use the method of measuring the wheel diameters, since this method does
not depend on the test environment.
2.2.5 Mitagation Methods for Wheel Slip or Surface Uneven-
ness
The two most prominent sources of non-systematic errors in wheel encoders are typ-
ically due to wheel slip as well as surface unevenness and bumpy terrain. In the
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application of the robot crawler, the error caused by wheel slip is minimized with
the use of free spinning encoder wheels rather than use encoders on the drive wheels.
With no forces applied to the tires besides the force of resistance to spin the wheels,
is is rather unlikely that wheel slip will occur. The robot should still consider it a
possibility until it is proven otherwise. Surface unevenness will also be considered,
since the purpose of CIGAR is to detect flaws in the pressure tube, it is likely that
the encoders may traverse these same flaws.
There are a number of solutions to either detect or mitigate the effects of wheel slip
or bumpy terrain. The use of redundant sensors is a common solution to provide
additional sensors to compare readings with and make predictions of when one wheel
is encountering slip or uneven terrain. Since there are multiple sensors providing
measurements, it is sometimes possible to use a probabilistic approach and simply
reject outlier measurements. Alternate methods to predict and quantify wheel slip
may be required for certain applications. The use of additional sensors is required
in order to detect bumpy terrain, however, for detecting wheel slip there are some
methods that can be used to predict when wheel slip is encountered even with the
use of only a single encoder. These methods typically either use a calculation to
detect whether or not wheel slip is occurring or if the amount of wheel slip needs to
be known, empirical formulas can be used to compute the amount of wheel slip as
a percentage or difference in the measured wheel velocity. Simple models will just
need to know the down force on the encoder wheel, the coefficient of static/kinematic
friction, and the amount of torque applied to the wheel. More complex models will
also account for rolling resistance as well as any lateral motion. However, knowing all
of these parameters may not always be possible and parameters such as friction are
prone to change without notice.
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2.2.6 Other Areas of Research
To develop the final design of the fuel channel inspection system, there are a number
of areas that will require further research and development. These areas of need
include: radiation hardened electronics, deployment strategy and carrier design, and
communications outside of the end fitting.
2.2.6.1 Radiation Hardened Electronics
When studying radiation hardened electronics, it is clear that advancements to these
technologies are mainly driven by the space exploration industry. Electronics for space
travel do not need to be able to handle quite as high dose rates as the 1 MRad/hr dose
rate that is encountered by the fuel channel inspection robot. However, they still need
to be able to perform without upsets when encountering sudden high energy particles
as well as the constant background cosmic radiation for a very long service life.
There are a number of Radiation Hardened processors that are on the market that
could be used for this project. For example, the RAD750 processor made by BAE
Systems is one of the more common processors that has flown on many missions such
as: the Curiosity rover, the Solar Dynamics Observatory, and the Ferni Gamma-ray
Space Telescope [26]. It has a great reputation from its past performance and is
specified to have a radiation hardness to handle a total ionizing dose of 1 MRad.
Another example of a newer radiation hardened processor that may even be able
to handle higher doses than this is the Xilinx Virtex-5QV processor. Although it
is specified to have the same radiation hardness dose of 1 Mrad, there are reports
that it can handle between 2-4 MRad before any damage to the processor begins to
occur [27]. The radiation hardness has not really needed to be pushed beyond the 1
MRad ‘Radiation Hardened’ designation, since for space travel this is typically enough
to provide decades of reliable operation. Processor designers have instead been able
to focus on developing faster computers that are radiation hardened to try to keep up
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with the rapid developments in this field. The radiation hardened versions are still
typically known to lag behind present day technology by about 10 years which can
be a considerable set back.
2.2.6.2 Deployment of the Inspection Robot
The deployment of the existing CIGAR sensor head is rather simple with CIGAR
being stored in a carrier tube and deployed inside the fuel channel using the fueling
machine. The difficult part of deploying the existing inspection machine is mounting
CIGAR’s drive system to the fueling machine bridge.
One of the main goals of the new robotic deployment system is to have an easier
method of deployment that uses the familiar carrier tube design to deploy all the
components using the fueling machine.
2.2.6.3 Communications Strategy
The communications strategy for the robot will mainly depend on the development
of the pulser/receiver circuits for the ultrasonic test probes that CIGAR uses. The
current electronics needed to support the ultrasonic testing are far too large to be
placed inside the fuel channel. Although it may be possible to find more compact
circuitry, the signal quality for the ultrasonics cannot be jeopardized by using smaller
but lower quality devices.
Based on preliminary research it is recommended that the existing pulser/receiver
circuits be used keeping these systems located outside of the channel. This requires
that a cable is connected at the reactor face. If this is the case, the communications
and power for the robot will also be established using this cable connected at the
reactor face.
The alternative approach would involve a wireless antenna that would provide commu-
nications with the robot and interface with more compact ultrasonics driver circuits
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as well as having a power supply or some sort of battery located inside the end fitting.
Although the alternative approach would have a dose savings to workers, it seemed
far too complicated to develop and requires the use of a lot of unproven technologies.
It is recommended that the first approach be used to develop a cabling design that
can be quickly and easily connected at the reactor face. This would involve developing
a quick-connect cable connector that is built into the modified closure plug. This is
something that will need further research to develop and is beyond the scope of this
thesis.
2.2.6.4 Further Testing
In the current stage of development, the prototype robot will not be able to meet all
of the requirements provided in Section 1.4, as some exceptions must be given due
to the limitations on the environmental test conditions. Section 1.4.1j will require
that the robot performs its inspection while the robot is submerged under pressurized
heavy water at 50 degrees Celsius. Section 1.4.2g, Section 1.4.3e, and Section 1.4.3f
will require that the robot is exposed to the high doses of radiation found in an offline
reactor to prove all components can survive their required lifetimes. Testing under
these conditions will likely only occur once the additional developments mentioned
in Sections 2.2.6.1, 2.2.6.2, and 2.2.6.3 are made. Most of these components used
on the current robot should be able to handle these test conditions in theory and
some components will need to be replaced with radiation hardened and submersible
versions in order to meet these requirements. In the next stage of development, the
robot can easily be replaced with components that are all rated for the environment






The main focus of the design is to develop the localization system and to prove
its accuracy will be sufficient using only sensors capable of surviving inside the fuel
channel. The localization system test bench will be used to demonstrate the overall
accuracy in a variety of scenarios. The secondary focus is to further develop the pipe
crawler prototype and the various subsystems that will be required in the final system.
These subsystems include those required for deployment and retrieval, mechanical and




The biggest challenge to developing a robotic crawler for fuel channel inspection is the
high level of radiation inside the fuel channel. With dose rates as high as 1 MRad/hr
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there is not a lot of information to go by on any other robots being used under these
conditions. The closest example to such a robot is the robot developed by Tepco to
inspect Fukushima which was subjected to around 100 Gy/hr or approximately 10
kRad/hr [18]. It is easier to find examples of spacecraft considering the total ionizing
doses are similar to those required in this application even though it is designed instead
for a longer service life at lower dose rates. Radiation was considered the number one
risk to the success of the design. All the components that are used for the crawler
will need to be proven to survive both the dose rate and total dose they are expected
to receive during a predetermined lifetime. This lifetime would of course need to
allow the robot enough time to inspect a single channel, but it would be preferred
that the robot can survive much longer than this. Preferably component lifetimes
should at least match the lifetime of CIGAR wherever possible, which is typically 10
full channel inspections. The minimum lifetime was not specified in the requirements
to allow freedom in the design, so long as the solution is both economically feasible
and provides enough safety margin to be able to consider premature failure extremely
rare.
The component that is the most susceptible to the radiation is the electronics, with the
second most susceptible components being the rubber wheels. Specialized radiation
hardened materials will be specified for any rubber components to ensure they can
survive at least 10 channel inspections. But based on looking at the total ionizing
dose that even the best radiation hardened electronics can survive, it is likely that the
electronics will need to be replaced before the entire inspection robot and CIGAR are
replaced. It is important to consider how these electronics can be made replaceable
with minimum dose to maintenance workers. This issue will not be discussed in
great detail in the scope of this thesis other than to make it a requirement that the
electronics payload be as simple as possible to replace. It is likely that the replacement
of the electronics can be automated to eliminate any dose to workers.
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3.1.2.2 Robot Failure / Immobilization
One of the most important requirements of any nuclear inspection tool is that it is
retrievable. Anything that goes inside the reactor must be taken out. In order to
ensure this is the case, it is important that all potential failure modes are investigated
to see the full extent of their impact. It is imperative that if the robot fails it can still
be retrieved and that it does not get stuck in place or immobilized. For any failure
mode that may cause the robot to be immobilized, there will be a backup system in
place that can retrieve the robot to ensure it can be removed from the fuel channel.
The retrieval system should consider the radiation hazards that may cause the failure
of the robot to ensure that they do not cause the failure of the retrieval system’s
components. The retrieval system will, therefore, be located inside the end fitting
where the dose rate is substantially lower.
3.1.2.3 Protecting Reactor Components
In addition to considering possible failure modes, the robot components shall be se-
lected to ensure they do not introduce any foreign material or chemicals that could
damage reactor components. If components are not selected carefully using common
nuclear procedures such as foreign material exclusion, chemistry compatibility, and
risk based engineering change control, the health of the nuclear station may be jeop-
ardized. It is important to note that for the prototype design developed in this thesis,
only a preliminary study of these risks was done and that a more in depth study
and further testing is required before developing the final inspection robot that will
actually be used for CANDU fuel channels.
3.1.2.4 Development Costs
Another risk that should be considered is the unknown development costs of this
design. As mentioned earlier there is a very enticing cost savings to this design, but
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it is important to note that the development costs are not yet known at this stage
and costs on similar nuclear research and development projects can sometimes be
difficult to control. To keep development costs down, the design should use proven
technologies wherever possible. For any electronics that require further development
and testing for radiation hardening, technologies that are not radiation hardened shall
be used for the proof-of-concept prototype. Careful attention will be given to ensure
the specifications of these components match their radiation hardened counterparts,
which are typically about 10 years behind in terms of technological advancement.
This will help minimize how much redesign and testing are necessary as the prototype
design progresses and ensure that realistic test results are achieved.
3.1.3 Trade-offs
3.1.3.1 Redundancy versus Complexity
To overcome the problems caused by the inevitable component failures due to radia-
tion, the robot design will need to be somewhat redundant. However, adding redun-
dancy to a robot system can lead to added complexity which can be detrimental to
the robot’s performance if too many unproven design elements are added. To limit
the complexity of the design, redundant components should only be used when failure
of the component can lead to an immobilization of the robot or a severe potentially
damaging loss of control. Redundancy may also be provided when the components
have the lowest total ionizing dose and are known to fail before any other compo-
nents. Knowing this, there will be three main sources of redundancy in the design: 1)
Redundant encoder wheels used for velocity / position control, 2) Redundant crawler
tracks (each of the two tracks shall be capable of pulling the robot) and a backup
retrieval device, and 3) In addition to the robot’s on-board electronics, a redundant
micro-controller will be placed outside of the fuel channel in the end fitting.
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3.1.3.2 Maintenance Costs versus Potential Production Income
In order to meet the project need to allow for shorter outages and increased production
revenue for the nuclear plant, the costs needed to achieve this must not outweigh the
benefits of increased income potential. There are both development costs needed to
advance the prototype to its final development stage, as well as maintenance costs
that would occur frequently to replace major components of the inspection robot.
Since the maintenance costs are ultimately what will determine if the project will
payoff in the long run, these will be first investigated in greater detail. The largest
maintenance cost by far will be for the replacement of the radiation hardened elec-
tronics used on-board the robot. These electronics can be very expensive especially
when a higher total ionizing dose is specified. For example the RAD750 processor,
which can handle a TID of 1 MRad, costs $200,000 (USD) or approximately $270,000
(CAD) [28]. This is pricing for a single unit, which would likely include a very high
markup given the higher than normal test requirements. This markup can likely be
negotiated down to a purchase price of closer to $150,000 (CAD) if 100 units are
purchased based on typical markups on electronics [29]. It is estimated that this pro-
cessor could inspect between 2 - 6 fuel channels (4 on average), depending on their
location and how many days after shutdown, before reaching its TID and requiring
replacement. This estimate assumes that the new robot could perform its inspections
without spending more than 6 hours in the pressure tube, which is achievable (with
some safety margin added for examining flaws) given it travels at a speed of 1 mm/s
across the 6,350 mm long channel. The rest of the robot’s components shall be de-
signed to handle a TID of 100 MRad, which means they should be replaced every
200 - 600 channel inspections. The overall cost for parts is not yet known, but it is
estimated that the overall cost would be around $1 million (CAD), making the total
cost to deploy a single robot approximately $1,270,000 (CAD).
A summary of the estimated expenses versus income potentials can be seen in Table 3.1
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Table 3.1: Estimated Expenses versus Max Increase in Income Potential
1 Robot Deployed














20 10 $ (2,020,000) 5 $ 7,500,000
30 15 $ (2,395,000) 7.5 $ 11,250,000
40 20 $ (2,770,000) 10 $ 15,000,000
50 25 $ (3,145,000) 12.5 $ 18,750,000
60 30 $ (3,520,000) 15 $ 22,500,000
2 Robots Deployed Simultaneously














20 10 $ (3,290,000) 7.5 $ 11,250,000
30 15 $ (3,665,000) 11.25 $ 16,875,000
40 20 $ (4,040,000) 15 $ 22,500,000
50 25 $ (4,415,000) 18.75 $ 28,125,000
60 30 $ (4,790,000) 22.5 $ 33,750,000
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using the above mentioned single unit cost of $1,270,000 and then $150,000 expended
on electronics for every four fuel channels inspected. Note that the potential income is
highly dependent on the situation, the number of channels that need to be inspected,
and the number of days that the outage can be reduced until other work becomes
critical path. For example if a given outage requires that 30 channels are inspected
and the outage has already 12 days of work planned, previously this outage would have
taken 15 days at 2 channels/day. The new inspection robot is planned to speed this
up to 4 channels/day. If 7.5 days of work or less were planned then the full increase
in potential income of $7,500,000 could be realized. However, other maintenance
work would become the critical path and the robot would only provide an increase in
production income for the 3 day difference or $4,500,000 (compared to the expense of
$3,295,000 to maintain the robot). Although these financial gains are not quite as high
as originally assumed, these are still some considerable gains and would surely add up
over time. Also, the financial need is not the only favorable aspect of this design, as
there is also the demand for its ability to perform far more inspections than previously
possible by deploying multiple robots simultaneously. This will also provide increased
flexibility to strategically compress the inspection campaign schedule when needed.
3.1.3.3 Accuracy versus Rad Tolerance
From reviewing different position sensors that could be used on the robot, it is clear
that most of the modern day sensors have achieved their accuracy thanks mainly to
advancements in micro-electromechanical systems (MEMS) and digital electronics.
These advancements have allowed sensors to become smaller and more accurate than
their analog counterparts. However, for radiation hardened devices it is often difficult
to utilize electronics, since these electronics will need to be radiation hardened which
will be more costly. Therefore, in searching for suitable sensors for the robot, there
may need to be some compromise between how accurate the sensor is and how radi-
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ation tolerant the sensor is. If possible, the sensor would ideally meet the 100 MRad
TID dose requirement of all the other components as well as the accuracy requirement
of 1 millimeter position accuracy over the length of the fuel channel. If it cannot meet
this position accuracy, than redundant sensors may be used to fuse together the read-
ings of multiple sensors for higher accuracy. If this still does not meet the accuracy
requirement, then less radiation tolerant sensors may be considered so long as cost
of sensor replacement (or replacement of electronics for the sensors) does not elimi-
nate the financial benefits or benefits of reduced dose to maintenance workers. The
opposite argument can be made to sacrifice some of this accuracy for added radiation
tolerance.
3.2 Summary of Design Improvements and Con-
tributions
The robot crawler prototype in its early stages was developed in collaboration with
researcher Shivam Shukla [13]. The design has since undergone a number of changes
and improvements. The early prototype consisted of the following components: a
pair of Inuktun Microtracs, two pairs of spring loaded wheels, a shielded electrical
enclosure and a metal frame to hold everything together. The following have since
been added to the robot crawler prototype [13]: a rotary drive motor, updated elec-
tronics with a more compact design, and three encoder wheels. The final design shall
use resolvers instead of encoders, which perform the same function as encoders by
providing position feedback to the robot based on the rotary position a rotor. Unlike
encoders however, resolvers are radiation hardened and have optical components that
are easily damaged by radiation.
The design also integrated a backup emergency retrieval device that can be used in
the event of a loss of power to the robot. This device uses a stainless steel cable that
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Figure 3.1: Inspection System Prototype Design including Test Bench
is tethered to the robot and also is able to provide absolute position feedback with
the use of two additional encoders (again the final design shall use resolvers). The
main focus of the design was to integrate all these redundant position sensors into a
localization system using a sensor fusion algorithm. To validate the accuracy of this
system and to aid in the development and testing process a unique test bench design
was also developed. Figure 3.1 shows the latest prototype design with all of these
additions including the test bench.
3.2.1 Robot Crawler Prototype
The robot crawler is the key component in demonstrating if in channel robotic inspec-
tion is feasible. It also is the most challenging part of the prototype to develop. This
section will describe the contributions made to continue the development of the robot
crawler prototype. Each of the newly added components will be described along with
their role in the design and the progress made in their design.
The first contribution that was necessary was to develop some form of on-board po-
sition sensors. By ensuring that some of the position sensors are mounted on the
robot itself, these position sensors can be used to provide velocity estimates for speed
control. The selection of suitable position sensors was quite a challenge since these
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sensors would likely be exposed to the highest levels of radiation of any component
and shielding of these sensors may not be practical. The proposed final design will
utilize radiation hardened resolver sensors which are also submersible. Due to the
increased cost of these sensors, for the proof-of-concept prototype, optical encoders
were used. Although these sensors would not be suitable against radiation, they are
able to provide the same data to replicate the expected results without the added
cost of using radiation hardened sensors. To do this, it was important to at least
specify what radiation hardened sensor would be recommended for future use in the
final design so that a similar accuracy or resolution optical encoder can be used. The
sensor selection process for the radiation hardened position sensors will be described
in Section 3.3.3.
Another major element of the design that needed to be developed was to include a
rotary drive motor to spin the CIGAR sensor head. This had not yet been included in
the design and was very important to demonstrating the robot’s full range of motion.
The robot’s tracks will move at a controlled speed forward while the rotary drive
motor moves at a constant rotary speed. To rotate CIGAR at a constant speed a
stepper motor was used. This stepper motor produces a high amount of torque aided
with the use of a gear reducer. In addition to this, an encoder was placed on the
motor shaft so that in the unlikely event that a motor step was missed this could be
detected. These components were selected after weighing different options, selecting
the motor arrangement that offered the most torque in the smallest size.
Another contribution was to help integrate the robot crawler with spring loaded
wheels. The need for spring loaded wheels in the design was identified in the pre-
liminary testing as described in Section 2.1.2.1. When considering the forces on the
robot, it was noticed that the pull force could be dramatically increased if the down
force on the tracks was increased. To do this, the concept of including spring loaded
wheels was developed. These spring loaded wheels can be seen included in the original
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prototype design. Once the rotary drive motor was added, the design of these spring
loaded wheels needed to be looked at more closely since the reaction moment of the
robot could easily cause the robot to twist out of alignment. To overcome this issue,
the spring loaded wheels would need to be tested to ensure not only sufficient down
force but sufficient grip to prevent twisting. The design of the spring loaded wheels
allowed the down force to be adjustable with the use of stiffer springs. The wheels
would be tested at different spring tensions to observe which spring tension yielded
the best results.
Lastly, the prototype design would not be complete without the heart of the robot, its
electronics. There are three main circuit boards for the robot: a micro-controller, a
stepper motor driver, and a motor driver for the two tracks. To allow the electronics
to all fit inside the shielded electrical enclosure, a breakout board was used to form
all the necessary connections while minimizing the amount of wiring. The setup for
the final design will be similar but using radiation hardened versions of these circuit
boards.
3.2.2 Emergency Retrieval
In the event of a failed or an immobilized robot, the design of an emergency re-
trieval device was proposed. To better protect the emergency retrieval device from
the harmful radiation that may have caused the robot’s electronics to fail, the emer-
gency retrieval device will be placed inside the end fitting. Behind the thick shield wall
and with the fuel channel that is being inspected unloaded, the end fitting is exposed
to only a small fraction of the radiation in the fuel channel. The emergency retrieval
device uses a cable winch to haul the robot out of the channel in the event the robot
is immobilized. When emergency retrieval is not necessary the device keeps a small
amount of tension on the cable to allow the device to be used as a cable actuated
position sensor. The emergency retrieval device also has its own electronics which lets
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it act as a complete standalone device in the event all the robot’s electronics, sensors,
and actuators have been completely destroyed by radiation.
3.2.3 Localization System
The main focus for advancing the design of the robot in this thesis is the development
of an accurate localization system. This localization system consists of a number of
different sensors. The selection of these radiation hardened sensors for the proposed
final design will be described in Section 3.3.3. Basically the localization sensors shall
consist of three resolver wheels on the robot’s frame and two additional resolvers
mounted in the emergency retrieval device.
The localization system also consists of a sensor fusion algorithm to provide a single
estimate of the robot’s position from a combination of velocity and position feedback
from the different localization sensors. Typically dead reckoning methods, such as
odometry, are used to provide velocity information that is integrated over time to
produce position estimates. The resolvers in the emergency retrieval device, since
they provide absolute position data, can provide this position data directly. In order
to provide the best accuracy, the method most localization system designers use is to
send frequent relative position data with less frequent absolute position measurements
to prevent the effects of sensor drift. This is the approach that will be developed in
this design. The localization system shall also include some method of rejecting any
sources of error contributed from either wheel slip or wheels travelling over uneven
surfaces such a flaw in the pressure tube.
3.2.4 Localization System Test Bench
In order to test and develop the final robot design, it is necessary to prove the design
meets the accuracy requirements. To accomplish this a localization system test bench
was developed. This test bench will also include its own method of providing posi-
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tion measurements in order to provide a ground truth for comparing the localization
system’s accuracy. These position measurements need to be very accurate to do this.
The best method that could be found to accomplish this is by using a high resolution
digital camera for determining the robot’s position. This was found to be very easy
to develop and inherently accurate. In addition to providing a ground truth, this
localization system can also be used to calibrate the robot’s sensors and fine tune the
sensor fusion algorithm to improve its accuracy. Along with the use of this test bench,
a systematic approach to testing and fine tuning the robot was also developed.
3.3 Conceptual Design
3.3.1 Component Screening
When considering what types of components could be used in the inspection system,
the components were first screened based on their tolerance for radiation. Table 3.2
shows a comparison of the radiation tolerances of different components as determined
from a combination of different sources. The main sources being two research papers
by Marc Decreton and Richard Sharp [30, 31], as well from the International Ther-
monuclear Experimental Reactor (ITER) research publication titled the “Radiation
Hardness Manual” [32]. The values for maximum total ionizing dose and dose rate
are based on the best available products that could be found and may not necessarily
be achieved for a product that meets all other requirements for this project.
The cutoff for sensor or component consideration in this design was 0.01 MGy to-
tal dose tolerance and 10 kGy/hr for components for unshielded components, but 1
kGy/hr may be acceptable for shielded components depending on their size if suffi-
cient shielding can be provided. The 1 kGy/hr minimum dose rate tolerance is what
is used to screen electronics and microprocessors for their suitability for this applica-
tion. This is based on having the 2 cm thick enclosure being made of tungsten which
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Table 3.2: Total Ionizing Dose and Dose Rates for Typical Components and Sensors
Radiation Hardened Sensor /
Component Type
Total dose (MGy) Dose Rate (kGy/hr)
Drive Mechanisms 10 no data
Electrical Cables and Connectors 10 to 128 no data
Electronics for Signal Communications 1 no data
Electronics / Microprocessors 0.01 no data
Ball Bearings 16 no data
Lubricant / Grease 60 no data
Camera (remote) 2 30
Optical encoder (fibre) 10 10
Resolvers 10 to 34 10
Ultrasonic 10 10
Capacitive (remote) 0.3 0.3
Inductive (remote) 20 10
Magnetic Proximity 26 10
LIDAR 0.07 no data
Accelerometer 117 30
Inclinometer 18 10
provides a reduction to the dose rate from gamma radiation of about 1/10.
3.3.2 Summary of Concept Designs
There were many different preliminary concepts that were generated for using only
radiation hardened sensors and components to design the robot’s localization sys-
tem. The majority of these concepts revolve around the use of encoders or resolvers.
These concepts include using free spinning encoder wheels, encoder wheels on mo-
tor shafts, and using a cable position transducer which uses an encoder to measure
the displacement of the cable. Other concepts were generated making use of other
types of sensors such as laser range sensors or ultrasonic sensors, using a camera that
uses visual odometry techniques or stereo vision, using accelerometers, and using tilt
sensors.
Table 3.3 summarizes the types of concepts that may be possible using radiation
hardened sensors and whether or not they were found to be feasible during the sensor
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N Unsuitable due to limited visibility.
Range Sensors
(Ultrasonic)




N Unsuitable due to limited lighting / visibility and
no definitive reference features.
Inertial Measure-
ment Unit / Ac-
celerometer(s)
N The robot travels at constant velocity for most of
the time. Acceleration will likely be too small too
provide good signal to noise performance except
when starting and stopping.
Tilt Sensors Y Existing inclinometer on CIGAR can be utilized.
selection process that is described in Section 3.3.3 below.
3.3.3 Sensor Selection
From reviewing the data collected in Table 3.2 many sensors are potential candidates
based on radiation tolerance alone. Further screening can be done based on what
types of sensors are most useful in the design and the differences in sensor accuracy.
Some of the sensors mentioned above are only used as proximity sensors or short
range distance measurements. These sensors can be eliminated from consideration
in this design since the required sensor range in this design is the full 6.35 m of the
pressure tube. Magnetic proximity, capacitive, and inductive sensors (which includes
eddy current sensors) all have far too short of a useful sensor range to be practical in
this design.
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After considering optical sensors (such as cameras or laser range finders) it was found
that under the environmental conditions where visibility may become a challenge,
these sensors would be too limited in accuracy over longer distances to be feasible
in this application. Ultrasonic sensors were also found to be inaccurate in varying
environmental conditions and in tight spaces where signals may bounce around.
Accelerometers are capable of having very good radiation tolerance. However, accel-
eration measurement is not particularly useful in this application since the only time
where the robot is accelerating is when it is starting and stopping its inspection run.
Otherwise the robot is usually travelling at constant velocity where the acceleration
is zero. Therefore, the accelerometer measurements will mostly provide noise and not
any added accuracy to the position estimates. Accelerometers could be considered
as an alternative to the current tilt sensor for measuring pressure tube sag, since
accelerometers have a far greater resistance to radiation.
It was found that there was very little selection in sensors after eliminating sensors
that were unsuitable given the very harsh environment. Encoders or resolvers were
the only sensor type that are capable of performing in the environment of the fuel
channel. There are many different ways to utilize these sensors to both provide short
term relative position accuracy or long term accuracy by integrating an encoder into
a cable position transducer. The selected concepts for utilizing these sensors will be
described in Section 3.3.4. With using both of these solutions in the final design, it
was decided that a resolver would be used as the sole sensor type and still provide
the required accuracy. The reason that resolvers were used instead of encoders is due
to the fact that although encoders can be radiation hardened to the same TID as
resolvers these type of encoders were found to use fibre optic cables that require using
electronics that are radiation hardened or located remotely. Resolvers can either use
the microcontrollers analog to digital converter inputs and software to decode the
signals or, if not enough analog inputs exist on the controller, radiation hardened
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dedicated resolver to digital converters are readily available at an added cost as an
alternative solution.
Looking at different resolvers that could be used there was one resolver that stood
out above the rest for having an excellent radiation hardness and compact frame size.
That resolver was the Admotec RO2010 Rotasyn Resolver. It is capable of handling
a TID of 1,000 MRad which exceeds the dose requirements for this application by a
factor of 10. It is also has a specified accuracy of ±60 arc minutes, but the accuracy
is reported to typically actually be better than this at ±20 arc minutes. This resolver
shall be used in the final design. In the meantime, a non-radiation hardened version
was selected for the prototype design that matches these specifications and is of a
similar form and fit for the development of the proof-of-concept prototype.
3.3.4 Concept Selection for Final Design
When it was determined that resolvers would be used as the only sensor type in the
design of the robot’s localization system there was plenty of work done to ensure that
methods existed that could deliver the required accuracy. There were three concepts
from Table 3.3 in Section 3.3.2 that utilized resolvers only. These concepts were:
using free spinning wheels, mounting resolvers on the motor shafts, or using a cable
position transducer with resolvers. To provide both relative position measurements
and absolute position measurements that are accurate, it was decided that more than
one of these concepts would be used.
3.3.4.1 Resolvers Mounted to Free Spinning Wheels
Mounting the resolvers to free spinning wheels would be preferred over mounting them
on the motor shafts since they are less likely to slip when the robot accelerates the
larger mass of the robot as opposed to accelerating the small wheels. However, they
may still be prone to some wheel slip or also may develop errors due to uneven terrain.
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Three wheels were used to provide redundancy and allow better rejection of errors
caused by wheel slip or uneven terrain as well as to deal with the possibility of sensor
failure that is likely due to radiation.
3.3.4.2 Resolver Wheels Mounted to the Emergency Cable Retrieval De-
vice
The use of resolvers in the emergency retrieval device could be easily incorporated
into the design for providing absolute position data. The emergency retrieval device
would essentially become a custom cable position transducer.
3.3.5 Concepts Requiring Further Development
3.3.5.1 Integration with CIGAR
The robot prototype will integrate with CIGAR mechanically to prove that the robot
is capable of driving the full load of CIGAR. However, more work needs to be done
in order to fully connect to CIGAR electrically. CIGAR currently uses a 36 pin
connector for its electrical connections. Of these 36 connections, there are 2 spare
pins as well 5 pins that are used for the sag module that may be removed if sag is
included on-board the robot. This leaves 29 wires that need to travel from CIGAR to
outside the fuel channel to where the ultrasonics driver circuits are located. There are
a number of components that will need to be developed for the robot to accomplish
this. First, a slip ring will be needed to included where CIGAR is being rotated by
the inspection robot. Next, about 6 meters (20 feet) of cable is needed that includes
29 conductors and that leaves the wires protected with radiation resistant insulation.
Finally, a cable management system will be needed to store the cables and prevent
them from tangling. There will be plenty of room allocated in this prototype design
for these components.
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Figure 3.2: CIGAR Carrier Tube [5]
3.3.5.2 Deployment and Communications
The plan for deploying the new robotic inspection system was to use a similar carrier
tube design that CIGAR currently uses as shown in Figure 3.2.
This carrier tube will need to be redesigned to be larger and also split into multiple
payloads in order to fit all the components that are required for deploying the robotic
crawler. A preliminary concept design, as shown in Figure 3.3, was developed that
would involve three carrier tubes. The first carrier tube to be deployed is for the
CIGAR sensor head and the robot. The second carrier tube with all the cable reels is
deployed next. Lastly, the third carrier tube with all the electronics is deployed and
gets sealed inside the end fitting by the modified closure plug. Each of these carrier
tubes shall be designed to mate together once inside the end fitting and lock in place
using the shield plug latch mechanism.
It is proposed that this modified closure plug would include a water tight electrical con-
nection that can easily handle just as much pressure as the current full power closure
plug, which can handle 12.2 MPa (from OPG Drawing #NK38-GDK-31140-0001).
The current modified closure plug used for CIGAR can only handle 5.5 MPa (from
OPG Drawing #C904-GDK-76666-1014) as it uses a dynamic seal for the rotating
drive rod. This dynamic seal would no longer be required. This electrical connection
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Figure 3.3: Proposed Carrier Tube Deployment Strategy
would allow for communications and power to be supplied externally. This would also
allow the current pulser/receiver circuits used for the ultrasonic probes on CIGAR to
be located externally from the reactor vault as they are currently.
Both the design of the carrier tubes for deployment and the new modified closure
plug have not yet been developed past the concept phase. The solution proposed
above is merely a suggestion that is feasible for supporting the project’s overall goals.
The actual solution for the robot’s deployment and communication systems may look
different in the final design.
3.4 Final Prototype Design Elements
The design of a proof-of-concept prototype would be broken down in to three key
design elements. First of all, non-radiation hardened sensors would be selected that
closely resemble the radiation hardened position sensors to be used in this design.
Next, the robot would need to incorporate the use of a number of software tools to
properly receive and utilize this sensor data. Lastly, with this redundant sensor data,
a sensor fusion algorithm would need to be developed to provide a single position
estimate for the robot. These design elements are crucial to fulfilling the main design
focus of creating the robot’s localization system and proving it can meet the required
positional accuracy.
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Figure 3.4: US Digital S4 Encoder [33]
3.4.1 Sensor Selection for Prototype
The use of radiation hardened or custom components was deemed too expensive to use
in the prototype design. The design shall instead use non-radiation hardened encoders
that are non-waterproof. These encoders would need to provide similar repeatabilities
in order to properly evaluate the accuracy of the proposed design. The encoder should
also have a similar size to the resolver for easy replacement in the future. The US
Digital S4 1,024 counts per revolution encoders were selected. This encoder can be
seen in Figure 3.4, along with the Admotec RO2010 radiation hardened resolver to
be used in the proposed design shown in Figure 3.5. This resolution can be taken
as being a good estimate of the sensor’s repeatability given this resolution is coarser
than many encoders and the measurements are certainly repeatable within plus or
minus an encoder count so long as the system does not have significant sources of
mechanical backlash (i.e., no gears used). A comparison of the specifications for this
encoder with the selected radiation hardened resolvers can be seen in Table 3.4.
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Figure 3.5: Admotec RO2010 Rotasyn Resolver [34]
Table 3.4: Encoder vs Resolver Sensor Specifications [33, 34]
US Digital S4 Admotec RO2010
Sensor type Encoder Resolver
Resolution 1,024 counts per revolution
8 bit to 16 bit resolver
to digital available









21.6 mm x 12.6 mm
(additional 8 mm width
for mounting shaft)
20 mm x 18 mm
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3.4.2 Software Tools
3.4.2.1 Robot Operating System (ROS)
Robot Operating System or more commonly referred to by its acronym ROS, is a very
powerful open source framework for writing code for robotic applications. This sys-
tem heavily encourages collaboration between designers to work towards continuous
improvement rather than having to worry about re-inventing the wheel. There were
a number of ROS software packages that were used in developing the software needed
for the inspection robot. These packages included: rosserial_arduino (for commu-
nicating with the Teensy Microcontroller via USB), robot_localization (contains
generic Kalman filter algorithms for the Unscented Kalman Filter (UKF) and the
Extended Kalman Filter (EKF) that were edited to suit the needs of this project), as
well many other standard packages included with the ROS Hydro Medusa distribution
that was used.
3.4.2.2 Arduino Software
In addition to using ROS, another piece of software that was used extensively was the
Arduino Integrated Development Environment (IDE) software. This is what is com-
monly used for compiling and uploading code to Arduino microcontrollers or similar
compatible devices. Since a Teensy microcontroller would be used in this design, this
software made it easy to compile any code that needed to be on the robot’s on-board
microcontroller. The purpose of this microcontroller is for performing simple func-
tions such as interfacing with all the robot’s peripherals (motor drivers and encoders),
providing the speed control algorithms for controlling the robot, and to communicate
all data to be collected outside of the fuel channel.
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3.4.2.3 MATLAB
MATLAB was another piece of software that was used in this project. MATLAB was
used to develop the code needed for the computer vision algorithms that were used in
the robot’s test bench for providing ground truth of the robot’s position. MATLAB
has a tool called the Calibration Toolbox that is specifically used for setting up vision
systems. The toolbox calibrates the camera to remove lens distortions to ensure
pixel distances can accurately be transformed into physical distances. MATLAB has
many built in commands that were very useful in developing a MATLAB script for
determining the robot’s position. This algorithm will be described in greater detail
in Chapter 5.
3.4.3 Sensor Fusion Algorithm
The sensor fusion algorithm is the element of the design that is explored in the great-
est detail in this thesis. The selection of the right sensors and right software for the
job was rather apparent, but the selection of the right sensor fusion algorithm was
a little less obvious. It is believed that the UKF will yield the best results, how-
ever, alternative algorithms will be investigated such as the EKF, mean value, and
voter algorithms such as median voter. The majority of the work on the prototype
focused on developing the sensor fusion algorithm and testing the algorithm using the
test bench. From these test results, the recorded accuracy will first be compared to
the accuracy achieved by alternative algorithms and then compared to the expected
accuracy benchmarks in this design. These comparisons will be made in scenarios
with and without sensor errors, such as uneven terrain, and with and without sensor




Prototype Design and Methods
4.1 Robotic Pipe Crawler
The initial phase of the prototype design for the robotic pipe crawler for CANDU
fuel channel inspections, produced by fellow researcher Shivam Shukla, had a solid
foundation for its design, however the early prototype was not yet fully functional.
The prototype had rough position estimates used for speed control, but these position
estimates were not accurate enough for use in the final design. Also the robot did not
have the ability to connect to the CIGAR sensor head and rotate it at the required
speed while crawling through the pipe. To complete the proof-of-concept prototype
design, a number of components were added including: spring loaded wheels (devel-
oped in collaboration with Shivam Shukla), encoder wheels, a rotary drive motor for
rotating CIGAR, and a more compact breakout board to allow easier wiring.
Computer Aided Design (CAD) software was used to plan the layout of these different
components as seen in Figure 4.1. Eventually, once the form and fit of all the required
components was determined, the design drawings were sent to a machine shop for
fabrication and the final prototype was able to be built. The final prototype design
can be seen in Figure 4.2.
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Figure 4.1: Robotic Pipe Crawler (Conceptual CAD Model)
Figure 4.2: Robotic Pipe Crawler (Final Prototype)
4.1.1 Spring Loaded Wheels
The spring loaded wheels were a necessary addition to the robot in order to allow a
firm grip of the pressure tube to prevent excessive twisting as the robot travels down
the tube. These wheels also allow the robot to travel in pressure tubes with diameters
ranging from 103 - 110 mm. With the full weight of CIGAR rotating, the reaction
moment will be quite strong. After testing it was found that 1 N · m (150 oz · in) of
torque was required to overcome static friction to begin to rotate CIGAR. Therefore,
the spring loaded wheels would need to keep the robot on a straight path without
spiraling while subjected to this amount of torque. As stated per the the requirements
in Section 1.4.2(c), the robot should not rotate due to this reaction moment by more
than 45 degrees over the course of travelling the 6.35 m long pressure tube.
In order to meet the requirements of the design, the spring loaded wheels needed to
be machined with tight tolerances for accurate alignment and minimum deflection.
The spring tension was made adjustable by allowing the springs to easily be replaced
with stiffer springs if needed, following testing with the rotating CIGAR sensor head
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Figure 4.3: Spring Loaded Wheels
installed. The design of the spring loaded wheels can be seen in Figure 4.3. They
essentially are just a free spinning wheel attached to an armature that will push against
the walls of the pressure tube with the tension provided by a torsion spring. There are
two pairs of spring loaded wheels, one pair located above each of the motorized tracks.
They not only provide grip on the pressure tube to prevent twisting, but also provide
downforce on the tracks to help provide increased pushing power for the robot.
4.1.2 Encoder Wheels
The design of the encoder wheels is similar to the design of the spring loaded wheels,
but also have encoders attached for position feedback. The encoder wheel design can
be seen in Figure 4.4. The torsion springs on the encoder wheels are not quite as stiff
as the spring loaded wheels. The wheels simply need to have enough downforce on
them to prevent any wheel slip from occurring. Any excessive downforce will cause
the diameter of the wheel to deform or the wheel to wear out faster. This may lead
to some loss in accuracy, since if the wheel diameter changes with time, the encoder
sensors would need to be re-calibrated to account for this change in wheel diameter.
The sensors would be tested repeatedly to find the proper spring tension and to ensure
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Figure 4.4: Encoder Wheels
that hundreds of trial runs can be done without needing to re-calibrate the sensors.
4.1.2.1 Rotary Drive Motor
The rotary drive motor is an important part of the robot, since it not only needs to
rotate CIGAR with enough torque, but also needs to be able to do so with a high
level of accuracy. To accomplish this, a powerful stepper motor was selected that is
easy to control. Stepper motors have a high starting torque but lower torque when
trying to accelerate loads at high speeds. The benefit of stepper motors is they can
easily provide very accurate position control even when operating at low speeds. This
is mainly based on the way that stepper motors operate. Stepper motors are typically
operated with open loop controls, where the motors can move very accurate steps
of a known size without needing any external position feedback. Each of the poles
of the stator coils are staggered so that the rotor teeth and the stator teeth for the
next step are slightly offset. The rotor will then move to align its teeth to the stators
teeth once energized. A diagram can be seen in Figure 4.5. The speed of a stepper
motor is determined by how quickly the stator coils energize and de-energize. There
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Figure 4.5: Stepper Motor - How it Works [35,36]
is, therefore, no limit to how slowly a stepper can move, it will however be restricted
to moving in discrete pulses. There are some ways around this, such as a technique
called microstepping, where neighboring stator poles both pull on the stator to rotate
it at 1/2, 1/4, or even as small as 1/256 the normal step size. Adding this amount of
resolution can cause accuracy as well output torque to suffer.
In the application of the inspection robot, the CIGAR sensor head requires a minimum
of 1 N · m (150 oz · in) of torque to overcome static friction. This was determined
experimentally by placing CIGAR in the pressure tube and attaching CIGAR to a
low friction spindle and a large lever. Weights were then placed on this lever until
CIGAR began to rotate. The amount of torque provided on this lever by the weights
was then measured to determine the minimum torque for spinning CIGAR. Based on
this measurement, as a safety margin, it was determined that a suitable stepper motor
should have a minimum starting torque of 3.5 N · m (500 oz · in) and a minimum
torque of 2.1 N · m (300 oz · in) when rotating at a speed of 60 RPM. To meet these
specifications the Applied Motion HT17-275 stepper motor was selected along with
an Applied Motion 17PL010 low backlash (3 arc minutes) 10:1 planetary gear train.
The final design of the rotary drive motor can be seen in Figure 4.6.
Another requirement of the rotary drive motor is it should have a step resolution that
allows it to perform its ultrasonic scans every 0.1 degrees. This stepper motor provides
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Figure 4.6: Rotary Drive Motor
200 steps per revolution and, with the 10:1 gear ratio, this provides a step resolution
of 0.18 degrees. To allow CIGAR to move in even smaller step sizes microstepping
at 1/2 step size or 1/4 size stepping would be used. This allows CIGAR to have a
step size of either 0.09 degrees or even as small as 0.045 degrees. The other benefit of
microstepping is that it is able to provide smoother motion and reduce the amount
of vibration. The draw back to decreasing the step size using microstepping is that
the incremental torque decreases, so the rotor can lag behind before enough torque is
provided to move the rotor. This is accounted for by providing a little extra torque,
so that even if the incremental torque is a fraction of the rated holding torque of
the motor, the motor still has enough power to spin the rotor. In addition to this,
a rotary encoder is also attached to the motor shaft that can detect if the motor is
missing steps. The motor is still controlled without encoder feedback, as it is not
expected that the stepper motor will miss steps, but it does provide added protection
in case the motor is not performing. The encoder also provides position feedback for
correlating with CIGAR’s sensor data. The position encoder has a resolution of 8,000
counts per revolution which would be a resolution of 80,000 counts per revolution on
the output shaft. Since the backlash of the gear train adds a rotary position error
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of ±0.025 degrees, the rotary position of CIGAR can be measured with an accuracy
of about ±0.0295 degrees with respect to the robot frame. With a 0.09 degree step
size, this provides assurance that the step size between successive scans will always
be between 0.06 - 0.12 degrees to ensure that no flaws are missed during the general
helical scan.
4.1.2.2 Breakout Board and Electronics for Prototype
The electronics for the robot inspection system needed to be kept as simple as possible.
Ideally the robot would use remote electronics, since the high doses of radiation in
the channel will eventually cause these electronics to fail. However, with the different
components that are needed to operate the robot, an on-board electrical system will be
necessary. The only functions that the on-board electronics will need to perform are:
closed loop control for the motorized tracks, open-loop control for the rotary drive
motor, and sending encoder sensor data to a remote microcontroller that provides
sensor fusion. The electrical connections required for the robot’s peripherals to the
on-board microcontroller and to the remote microcontroller can be seen in Figure 4.7.
This is a simplified outside look of the electrical connections. The circuit board also
needed a breakout board for forming any connections between the microcontroller,
the two motor drivers, and any external connections. The breakout board can be
seen in Figure 4.8.
4.2 Localization System Components
4.2.1 Redundant Encoder Data
The prototype design incorporates the use of three encoder wheels. These encoder
wheels all provide the same measurements of the robot’s velocity given the time
measured between encoder counts. The reason that the encoder wheels could not
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Figure 4.7: Electrical Connections Diagram
Figure 4.8: Breakout Board for On-board Electronics
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provide position measurements directly is that with the use of a Kalman filter based
sensor fusion algorithm, the use of multiple absolute position measurements can cause
issues where the algorithm will behave in a way that causes it to bounce back and forth
between trusting one sensor reading or another sensor reading. In addition to this,
encoder wheels are known to have excellent resolution for accurate relative position
accuracy, but as encoders use dead reckoning, they are not as accurate as absolute
position measurement devices since errors will propagate over time. For these reasons
the encoders instead are used to provide redundant velocity data that is integrated
into position data by the sensor fusion algorithm and fused with the absolute position
measurements from the cable encoder. With redundant velocity data, if there are
any sources of error in one of the encoder readings, this reading can be rejected using
a tunable tolerance for rejecting outliers. This strategy is expected to provide the
optimum results. For comparison, the encoder data can also be processed as position
measurements that are averaged with the absolute position data. With redundant
encoder data it is expected that this strategy will work well so long as there are no
incremental errors, but as soon as any of the encoders either slip or run over a flaw in
the pressure tube, these errors will end up causing this method to be less accurate.
4.2.2 Emergency Retrieval Device with Integrated Encoders
The CAD drawings used to machine the components for the emergency retrieval device
can be found in Appendix B. The emergency retrieval device consists of a stainless
steel cable that wraps around a stainless steel drum. A pulley mounted on a lead
screw ensures that the cable wraps around the drum at a consistent helical pitch for
maximum accuracy. The rotation of the drum can then be measured by two resolvers.
When the robot is travelling as per normal conditions, the cable is kept at a constant
tension with the use of two constant torque springs. Two springs were used to reduce
the risk of the cable unwinding in the event one spring breaks. Under emergency
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Figure 4.9: Emergency Retrieval Device Components
conditions, the use of a emergency motor is used to pull the robot out of the channel
by using the cable drum like a cable winch. Refer to Figure 4.9 to view the design of
the emergency retrieval device and Figure 4.10 to see the two cable encoders that are
integrated into the emergency retrieval device.
4.3 Sensor Fusion with Unscented Kalman Filter
4.3.1 Framework of the Sensor Fusion Algorithm
The sensor fusion algorithm was programmed using ROS, which has a number of
packages available to support development including robot_localization that has
a built in UKF algorithm with a generic template code that could be tailored and
edited as required for this application. ROS was used for handling all the position
and velocity messages from the robot’s localization sensors and sending them to the
UKF algorithm for providing accurate position estimates. ROS was also used as a
simple interface for operators to use to send commands to the robot to control its
velocity and position as desired. ROS performs these tasks with the use of several
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Figure 4.10: Emergency Retrieval Device Integrated Encoders
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different code snippets called ‘packages’, and sending data between different packages
using what are called ‘nodes’. This allows the ROS packages to exchange data and to
communicate with the robot’s on-board microcontroller using a special package called
rosserial_arduino.
4.3.2 UKF Algorithm Formulation
To provide further background on the UKF algorithm, the formulas used by the
algorithm are shown in equations 4.1 - 4.24 [37]. The notation in these formulas uses
k − 1 as a subscript to denote the previous value, and k to denote the current value.
The subscript k|k − 1 would mean the current value k given the previous value k− 1.
Since no previous values are given in the first iteration, the UKF algorithm begins
by initializing the estimated state, xak−1|k−1, and covariance, P
a
k−1|k−1, matrices. An














x̂Tk−1|k−1 represents the initialized state estimate
E[wTk ] represents the expected mean value of the process noise
Pk−1|k−1 represents the initialized covariance of the state estimate
Qk represents the process noise covariance
Before calculating the sigma points a number of parameters need to be initialized.
Typically the constants α, β, and κ are set to the following values: α = 0.001,
β = 2 (for Gaussian distributions), and κ = 0. These values shall be used in this
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application. These values can be modified to adjust the spread of the sigma points.
However, for most applications where the sensor measurements follow a Gaussian
probability distribution, this is not necessary. Using these parameters λ is given by:
λ = α2(L+ κ)− L (4.3)
where L is the dimension of the augmented state.













(L+ λ)P ak−1|k−1 i = L+ 1, ..., 2L (4.6)





i = 0, ..., 2L (4.7)
























+ (1− α2 + β) (4.11)
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The augmented matrices are used again for the estimated state and covariance, except













x̂Tk|k−1 represents the initialized state estimate
E[vTk ] represents the expected mean value of the measurement noise
Pk|k−1 represents the initialized covariance of the state estimate
Rk represents the measurement noise covariance
Sigma points are calculated once again based on the updated augmented matrices
and at the current sample period, k, as determined in the priori estimate based on













(L+ λ)P ak|k−1 i = L+ 1, ..., 2L (4.17)
These new sigma points are transformed from the state space to the measurement
space using the observation model h():
γik = h(χ
i
k|k−1) i = 0, ..., 2L (4.18)
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The transformed sigma points are then recombined to provide the predicted measure-

































Finally the posteriori estimate for the state and covariance at the current sample
period can be computed as the output of the UKF algorithm. This final estimate takes
the difference of the expected measurements, ẑk, and the actual sensor measurements,
zk. Using this difference multiplied by the UKF Kalman gain provides a value called
the innovation, which, when added as a correction to the priori estimate, provides the
state estimate that is considered most likely. The posteriori estimate is calculated by
the following formulas:
x̂k|k = x̂k|k−1 +Kk(zk − ẑk) (4.23)
Pk|k = Pk|k−1 −KkPzkzkKTk (4.24)
The UKF algorithm is an iterative process. Therefore, all data that was calculated
in this iteration as belonging to sample period, k, will become the data used for the
previous sample period, k − 1, in the next iteration.
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4.3.3 Tuning the Kalman Filter Parameters
The tuning of the UKF takes a couple of steps to complete. First, the localization
sensors need to be calibrated. Second, the covariance of each sensor reading must
be accurately defined. This is easily accomplished by comparing the sensor data to
the data measurements from the vision system on the robot test bench. Lastly, the
parameters inside the UKF can be tuned. This includes the process noise covariance
matrix. This matrix was originally tuned based on some assumptions of the dynamics
of the robot. It can be fine tuned based on the dynamics of the robot under normal
test conditions. It also includes tuning the outlier rejection threshold for each of the
localization sensors. These rejection thresholds are more difficult to tune and require
some testing to determine the largest error encountered under normal conditions to
ensure good data is not rejected. The last step is to simulate or test the sensors
with a known source of error present for one of the encoder wheels to ensure that the
measurement data for this wheel is appropriately rejected by the UKF algorithm.
4.4 Additional Features
4.4.1 Speed Control
The robot’s speed controller is crucial to demonstrating its ability to travel in a con-
trolled manner. The robot uses a PID (Proportional-Integral-Derivative) Controller
to vary the output to the motors to maintain the robot’s target speed. The PID
algorithm works by computing the error in the robot’s estimated velocity based on
the robot’s sensors and its desired velocity. It then adjusts the speed proportionally
to this error as well as proportionally to the integral and derivative of this error over
time. In order to work effectively, this PID algorithm needed to be tuned for this
application. Tuning PID algorithms works by adjusting three constants kp, ki and
kd. These constants simply adjust how much of the control is accomplished by each
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the proportional, integral, and derivative error terms. These constants need to be
accurately tuned to ensure the robot control is stable and that the control is as re-
sponsive as required in this application. It was worth noting that the speed control
for this robot works better if it undershoots the target velocity slightly rather than
overshoots it. Overshooting the target velocity can cause robot inspection data to be
missed, whereas undershooting the target velocity will just mean the inspection will
take longer.
4.4.2 Position Control
Another important feature of the robot’s control algorithm is its position control. The
robot is able to accept a target position with respect to its home position and travel
to this position and make a controlled stop accurately at this position. The position
control algorithm that was used for this robot simply monitors the robot’s proximity
to its target position. As it nears the robot’s target position it begins to ramp down
the robot’s velocity at a controlled rate until it eventually stops at the same time it
reaches the target position. The algorithm recognizes that the robot may not stop
until ever so slightly before or after the target position. However, with the large mass
of the robot, the robot does not attempt to correct overshooting or undershooting
the target position unless it is off by more than a millimeter. If the robot tried to
make multiple corrections after it is stopped, it would simply continually jitter back
and forth in an attempt to find the target position. This is why it was important to
have a position controller that could accurately position the robot in one shot on the
robot’s approach.
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4.5 Failure Modes and Effects Analysis
Throughout the development of the prototype design and its many components, it
was important to consider the potential issues and causes of failure. To examine these
potential issues in greater detail a failure modes and effects analysis was completed
and updated throughout the prototype design process. This analysis looks at different
modes of failure based on their risk. The risk is quantified using three parameters:
severity, probability, and detect-ability of each failure mode. These parameters are
then multiplied together to obtain what is called a risk priority number (RPN). This
value can then be used to ensure attention is given to the right areas in the design
to attempt to lower the overall risk of any failure occurring. This table was filled out
with the understanding that the severity of the robot’s failure is not only to consider
the potential for damage to the robot, but, more importantly, the potential damage to
the nuclear reactor internals. The FMEA table shown in Table 4.1 is the most current
version of what was treated as a live document as improvements were implemented to
the design to lower certain risks. The methods used to lower these risks were mainly
through the use of redundancy in the design or by further refining and testing the
design to seek better results.











5.1 Test Bench Design
The test bench consists of a clear PVC pipe, an aluminum frame, and a camera on a
motorized platform that pans to follow the robot’s movement. To extract the data of
the robot’s position a MATLAB script was written.
5.1.1 Frame and Test Pipe Design
The clear PVC pipe that was selected as the test pipe has an inner diameter of 4
inches (101.6 mm) to approximately match the nominal pressure tube diameter of
104 mm. Since the pipe is clear, a high definition camera can see the robot’s position
inside the pipe with a high level of accuracy. Figure 5.1 shows the design of the test
bench frame.
5.1.2 Vision System Algorithm
The MATLAB code for the vision system algorithm can be found in Appendix A.
The algorithm for tracking the robot’s position is quite simple. When tracking the
robot’s position, the algorithm uses MATLAB’s built in circle detection function
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Figure 5.1: CAD Model of Test Bench
to find the centre of a fixed point on the robot’s frame, as well as the centres of
the accurately positioned reference points along the length of the test bench frame
as shown in Figure 5.2. Before the algorithm is able to track the robot’s position,
a number of steps must first be completed. First, a calibration is completed using
MATLAB’s Calibration Toolbox and filming a checkerboard pattern at various angles.
The toolbox automatically computes the amount of distortion in the lens based on
the uniformly spaced intersections of the checkerboard pattern. The toolbox is then
able to provide a function to correct images and remove this distortion. Once the
camera lens is calibrated to remove distortion, the first step of the algorithm is to
compare the distance between each of the reference points on the test bench to convert
pixel distances into actual distances in millimetres. Then the algorithm compares the
distance of the reference points to the fixed point on the robot. The first time it finds
the robot’s position is before it starts moving so the position it sees is automatically
initialized as the robot’s zero position. The moment the localization system starts
recording data it turns on an LED on the robot that synchronizes the timestamps of
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Figure 5.2: Vision System Reference Points
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the position data from the test bench with the position data of the robot’s localization
system. After the robot starts moving, the algorithm repeatedly checks the distance
between the fixed point on the robot and a reference point to track the robot’s position
over time as it travels the length of the test pipe.
5.1.3 Vision System Accuracy
The accuracy of the vision system was estimated by adding up all the various sources
of error. The main sources of error to consider are: object detection algorithm posi-
tion accuracy, lens distortion (after compensation), camera resolution, rolling shutter
errors, and lastly the machining tolerance of the reference points. A summary de-
scribing how each of these errors affect the vision system is provided below.
The accuracy of the object detection algorithm used in this application is a difficult
value to define. The algorithm used is the MATLAB ‘imfindcircles’ algorithm that
is based on the Hough Transform for edge detection between pixels of contrasting
brightness. The algorithm is able to provide sub-pixel accuracy based on how it views
a boundary of pixels of varying intensities and interpolates based on the gradient (or
change in brightness) where the actual object begins and ends. The algorithm can be
assumed to have a similar accuracy to the algorithm used to calibrate the camera and
remove lens distortion, since this algorithm is also based on the Hough Transform for
edge detection. The only thing to keep in mind when comparing the accuracy of these
two algorithms, is that the calibration is performed in an ideal environment, whereas
the object detection algorithm is done in a somewhat less controlled environment. The
object detection algorithm may be prone to additional errors due to anything that
can create lower quality images and potentially trick the algorithm (e.g.: shadows,
motion blur, etc.). Fortunately for the development of the test bench many of these
factors can be controlled or eliminated. The camera movement can be made very
smooth, and shadows can be eliminated for the most part with proper lighting. The
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most effective way to eliminate motion blur is by simply increasing the shutter speed
(making the image sensor exposed for less time leading to sharper images). However,
it is still important to carefully review all results to ensure these sources of error are
not present. The error that was given for the lens distortion algorithm was about a
±0.2 pixel re-projection error (provided by MATLAB automatically upon calibration
as discussed later in Section 6.2). It was therefore assumed that the object detection
algorithm would also have an additional ±0.2 pixel error.
The camera resolution is another obvious limitation when it comes to the accuracy of
the vision system. The resolution defines how many pixels are used for the length and
width of the camera’s sensor. The camera used for the vision system was a Canon
Rebel T2i, with a 1080p resolution or 1080 pixels (height) x 1920 pixels (width). For
the plane of view of the robot, the height is about 203 mm (8 inches). This means that
the size of each pixel is 0.2 mm x 0.2 mm. This resolution will be used to translate
the pixel error of the object detection algorithms into millimetres.
The next source of error to be discussed briefly is a phenomenon known as “rolling
shutter”. This occurs due to a CMOS sensor on a digital camera having delayed
response to processing all the pixel data in a single frame. The camera will look
at each pixel individually to determine its RGB values (red, green, blue) and scan
the image from left to right and up and down (similar to how a raster scan works).
For images that are moving very fast this becomes more of an issue where, even for
high frame rate cameras, the bottom half of the object may be scanned slightly later
causing the object to appear slightly slanted. The camera used in the test bench has a
decent frame rate of 30 fps (frames per second). The robot is also moving very slowly,
at 1 mm/s normally (however, for certain tests a speed of 10 mm/s may instead be
used). The rolling shutter effect will lead to the reference point being viewed at a
slightly different time than the target point of the robot. When the robot is moving
at low speeds of 1 mm/s this error will be extremely small (only 1/30 mm error for the
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worst case, as given by dividing the speed of the camera following the robot divided
by the frame rate). The worst case assumes that the target point on the robot is at
the extreme top of the image and the reference point is at the extreme bottom of the
image. When the robot is travelling at faster speeds, lets say 10 mm/s, this error may
become as high as 1/3 mm for the worst case. Fortunately, since this error is well
known and measurable, rolling shutter compensation can be used in the algorithm to
essentially completely remove the effects of this error.
Finally, the last source of error that was considered was due to a machining tolerance
of the reference points used in the image. This tolerance was requested as being
±0.0254 mm (±0.001”), however for the length of the work piece, the best accuracy
that could be achieved by the machine shop was closer to ±0.127 mm (±0.005”).
All of these sources of error combined to get an accuracy of approximately ±0.25
mm for the vision system (as based on the best estimates provided above). This
computation is based on adding: one lens distortion error (upon camera calibration),
two object detection errors (for target point and reference point detection), and one
machining tolerance error (for each reference point).
5.2 Test Cases
A large portion of this project was dedicated to testing in order to help develop the
prototype design and prove its effectiveness. A test plan was created by outlining in
sequence all of the mandatory test cases and which requirements each test case will
demonstrate. These test cases can be found in Table 5.1. A brief summary of the
results of each test can also be found in this table. The most important tests will
be discussed in greater detail in Section 6. The ordering of these tests needed to be
considered carefully due to the complexity of the design and the many interrelated
parameters. These parameters needed to be tuned and calibrated in a certain sequence
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in order for the robot to be effective and the robot’s localization system to be accurate.
If not tuned in the correct order some parameters may need to be re-tuned (i.e., tuning
of the process noise covariance matrix is best done after tuning the speed controller
in order for expected variances in speed to be modelled accurately).
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Table 5.1: Test Plan for Robot
Test
Case #







1 Motorized Tracks maxi-
mum pull strength
1) Construct base for mounting tracks,
2) Measure the weight of the base and
tracks without any weight added, 3) Use
force gauge, tare under zero load, 4)
Hook up both motorized tracks to a 24
VDC power 5) Read off the robot’s pull
force on the force gauge, 6) Add weight
to the platform in increments of 2.3 kg (5
lb), 7) Read off the robot’s pull force for
each weight added, 8) Stop adding weight
once the motorized tracks begin to audi-
bly bog down to prevent damage (max
rated capacity is 21.8 kg (48 lb))
Test Weight
4.5 - 22.7 kg





Tracks rated to pull 6.8
kg (15 lb) each and carry
a payload of 10.9 kg (24
lb) each. Without some
downforce on the tracks,
the tracks may slip be-
fore pulling the rated
load. By adding weights
to increase downforce, it
is expected that the two
tracks will easily be able
to pull their combined
rated load of 13.6 kg (30
lb).
1.4.2c PASS With no weight added
the robot applied a pull
force of 3.6 kg (8 lb) be-
fore slipping. For each
weight added the pull
force increased propor-
tionally. The weight
was increased to 22.7
kg (50 lb), resulting in
a 14.5 kg (32 lb) pull
force (slightly more than
its rated pull load of
only 13.6 kg (30 lb)
@ the 21.8 kg (48 lb)
max weight). At this
weight the motor speed
began to audibly bog
down so no more weight
was added.
2 Ensure proper dimen-
sions of robot by plac-
ing it inside the pressure
tube
1) Procure pressure tube to test robot 2)
Insert robot in to pressure tube 3) Check
Fit. Ensure armatures of spring loaded
wheels are near horizontal to indicate siz-
ing is as per design 4) Ensure Overall
Length is ¡ 1 m using tape measurer
Pressure Tube
ID = 104 mm
Robot should fit as de-
signed. Some small ad-






Some of the cables were
rerouted to guarantee




3 Robot initial speed con-
trol test
1) Connect all signal and power cables, 2)
Ensure encoder is mounted to the robot
frame, 3) Measure the encoder wheel di-
ameter to use in the calibration of the
encoder data, 4) Place robot on ground,
check that target speed is reached in
a relatively controlled manner 5) Use a
timer to calculate how fast the robot
travels a set distance. Validate that this
speed is near the target speed, 6) Repeat
the test using different velocity setpoints
to validate the result
Trial 1 Veloc-
ity setpoint =




0.5, 1, 2, 5, 10
mm/s
Robot should acceler-
ate to the velocity set-
point. Control may still
be slightly erratic until
PID controller properly
tuned (to be performed
in Test Case #11).
1.4.2i, 1.4.3a PASS - af-
ter mod
This test demonstrated
some level of speed con-
trol. At lower speeds
the robot had less steady
control. This is believed
to be due to the quan-
tization error in the en-
coders being amplified
when the sampling fre-
quency is set too high.
This will be adjusted be-
fore retesting in Trial 2
at lower speeds.
The speed control
smoothed out once the
sampling frequency was
reduced to 2 Hz
4 Communication Test 1) Connect USB to laptop, 2) Run ROS
program, 3) Wait for notification that
the microcontroller is connected to be-
gin communicating with the ROS pro-
gram, 4) Send velocity message to robot
in ROS, 5) Observe that the robot re-




The robot should be able
to communicate with the







PASS No issues with communi-
cation were found
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5 Full length pressure
tube crawl test
1) Place robot inside pressure tube 2)
Run ROS program 3) Send velocity mes-
sage to robot 4) Watch robot move along
the pressure tube. Check how well the
robot moves, ensuring that it does not
get stuck, does not twist, and that tracks
and encoder wheels maintain traction.
Ensure the robot does not scratch or




The robot is not ex-
pected to get stuck.
However, some twisting
may occur. Twisting is
acceptable, so long as it
is minimized and does
not affect the robots





PASS The robot successfully
crawled through the en-
tire fuel channel without
getting stuck or loos-
ing traction. The robot
did not appear to twist.
This will be verified in
future tests once the full
weight of CIGAR is be-
ing rotated. The robot
did not cause any appar-
ent damage to the pres-
sure tube (further test-
ing to verify no damage
will be required in future
developments)
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6 Vision system position
tracking test
1) Tune camera parameters and Cali-
brate camera (record camera parameters
at the time of calibration) 2) Place the
robot inside the clear PVC pipe in the
end of the test bench 3) Set up cam-
era mounted on the sliding camera plat-
form in front of the robot. Ensure cam-
era is in focus and all reference points
are in the frame 4) Connect the stepper
motor for positioning the camera 5) Up-
load the program for the cameras posi-
tion control system 6) Press the record
button on the camera 7) Run ROS pro-
gram 8) Check that indicator light on
the robot frame turns on 9) Record the
encoder data from the robot and print
it to a text file 10) Send velocity mes-
sage to robot 11) Observe robot travel
the length of the pipe then stop the robot
and the camera recording 12) Input the
movie file into the Vision Processing pro-
gram in MATLAB to extract the position
data recorded by the position system 13)
Overlay the encoder position data with
the data from the vision system. Observe
that there are not any large discrepancies
or lost position information from either
data set. Refine the vision processing
















racy based on the error
stackup is ±0.3 mm plus
whatever the repeatabil-
ity of the object detec-
tion algorithm is.
1.4.3c PASS The object detection al-
gorithm would detect
object with a repeatabil-
ity of ±0.1 mm based
on measurement accu-
racy of a known fixed
reference point. Based
on all other sources of
error the overall error
of the vision system is
expected to be ±0.4
mm. The repeatability
of ±0.1 mm for the ob-
ject detection algorithm
seemed reasonable even
when the reference ob-
ject was in motion at
a speed of 10 mm/s by
observing the data com-
pared to a linear trend-
line.
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7 Rotary drive motor
torque and speed test
1) Place robot inside pressure tube and
mount the CIGAR sensor head to the ro-
tary drive motor 2) Run ROS program 3)
Send rotary velocity message to robot 4)
Ensure rotary drive motor is able to ac-
celerate up to its desired velocity 5) Re-
peat test at different rotary velocities to
determine the max speed achievable
Battery Volt-







40, 60, 75, 80
RPM
The theoretical max
speed of the stepper
motor is 66RPM when
a 24 VDC source volt-






PASS The motor was actually
capable of accelerating
to a max speed of 75
RPM. This could be
increased by using a
higher voltage source.






motor no longer had
enough torque and
would begin to miss
steps at around 40
RPM. Therefore 1/4
stepping was used.
8 Rotary drive motor ac-
celeration test
1) Place robot inside pressure tube and
mount the CIGAR sensor head to the ro-
tary drive motor 2) Run ROS program 3)
Send rotary velocity message to robot 4)
Ensure rotary drive motor is able to ac-
celerate up to its desired velocity 5) Re-
peat test at different accelerations until
max acceleration that does not cause ei-
ther lost steps or twisting of the robot
Battery Volt-









It is expected that if the
acceleration is set too
high that the reaction
moment will cause the
robot twist. The desired
acceleration will be as
high as possible without
having any risk of twist-
ing the robot.
1.4.2c PASS The stepper motor ac-
celeration was originally
set at 10000 steps/sec2̂.
This would be capable
of accelerating CIGAR
without missing any
steps. For safe measure
this was reduced to 5000
steps/sec2̂.
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9 Robot spring downforce
test. Ensure robot frame
resists reaction moment
from rotary drive motor,
and sufficient traction to
motorized tracks
1) Place robot inside pressure tube and
mount the CIGAR sensor head to the
rotary drive motor 2) Ensure robot is
level 2) Run ROS program 3) Send linear
and rotary velocity message to robot. 4)
Allow robot to travel the length of the
pressure tube. Monitor for slippage 5)
Measure how much the robot twists af-
ter travelling a set distance (angle with
respect to level) 5) Repeat test at differ-
ent accelerations until max acceleration
that does not cause either lost steps or








elled = 1.5 m
(1/4 length of
pressure tube)
It is expected that the
robot will twist slightly
due to the weight of
CIGAR. This is accept-
able as long as there
is no loss in traction
and there are no sudden
twists where the robot
loses grip
1.4.2c PASS The tighter spring ten-
sion proved to be more
effective at preventing
twisting and maintain-
ing traction. With the
lower spring tension the
robot twisted about 20
degrees out of align-
ment. When the spring
tension was increased,
the robot twisted only
about 9 degrees. This
translates to about 36
degrees of twist for a full
length run. Reversing
the direction of rotation
of CIGAR helped reduce
the twist to zero when
travelling in the return
direction.
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10 Speed Control Fine Tun-
ing (PID Control)
1) Run ROS Program 2) Begin camera
recording 3) Send linear and rotary ve-
locity message to robot 4) Observe speed
control visually. Adjust in order P, D and
then I parameters using ROS to update
these parameters in real time 5) Once
robot speed control appears very smooth,
begin reviewing vision system data to
confirm speed control is accurate. Re-
peat tests at 3 different speeds to en-
sure robot is capable of smooth control
at any speed. Repeat test if adjustments




1, 2, 5, 10
mm/s
It is expected that
speed control to the
-5% accuracy required
will be challenging at
low speeds. In the
procurement of the mo-
torized tracks, on shaft
encoders unfortunately
were not specified for
the prototype design.
1.4.3a FAIL The speed control was
not able to achieve
the required accuracy
at lower speeds as ex-
pected due to limited
encoder resolution when
not mounted ahead
of the gear reduction.
Although the speed
control was greatly im-
proved and good enough
to continue with testing
at 10 mm/s, it did not
quite meet the accuracy
benchmark given in the
performance require-
ments when travelling
at speeds less than 10
mm/s. This is some-
thing that can easily be
overcome in the Final
Design of the robot by
including additional




11 Controlled approach /
Position control test
1) Run ROS Program 2) Begin camera
recording 3) Send linear and rotary ve-
locity message to robot. 4) Send desired
position message 5) Observe the robot
come to a stop 6) Check final position
using Vision System 7) Repeat test at
different velocities to prove accurate po-








It is expected that the
robot will come to a stop
at a position slightly be-
fore or after the desired
position if the deceler-
ation is not controlled.
Due to the high inertia
and friction it is best
to control the decelera-
tion to a slow and steady
speed before encounter-
ing static friction and
then stop slightly before
the desired position to
account for any delay in
response
1.4.2i PASS Without any controlled
deceleration (abrupt
stopping within 5 mm of
target destination) the
robot would normally
come to a stop within
±3 mm of the desired
position. Once con-
trolled deceleration was
used this was improved
to ±0.5 mm. These
positioning accuracies




12 Kalman Filter: 3
encoders only, pre-
calibration
*Main test procedure start* 1) Run ROS
Program 2) Begin camera recording 3)
Start ROS Bag file 3) Send linear and ro-
tary velocity message to robot. 4) Send
position message to robot 5) Wait for
robot to travel full length 6) Send po-
sition message to return to home posi-
tion (0 m) 7) Stop recording and run
MATLAB program to extract vision sys-
tem data. Plot vision system position
data versus Kalman filter position data
*Main test procedure end* 8) Compare
vision system position data to # of en-
coder counts to calibrate encoders (cal-
culate meters/count). 9) Repeat the test
atleast 3 times and take the average for
a more accurate calibration (note: dis-







1 m for ini-
tial test run
and 2 m (for
calibration)
Since the encoders were
calibrated using a wheel
diameter measurement
only, it is expected
that there will be a
fair amount of drift
in accuracy over time.
This is unimportant.
This test should reveal
that the Kalman filter
still yields stable data
without diverging when
calibration is imperfect.




1.4.2j PASS Over 1 m run the UKF
data never drifted more
than 5 mm off true po-
sition. Since encoders
were not calibrated ac-
curately, the Kalman fil-
ter did have some small
signs of instability wa-
vering in confidence be-
tween each sensor. How-
ever these effects where
very minimal and the fil-
ter always would con-
tinue to converge with
near accurate readings
when in steady state.
When travelling 2 m,
the encoder data proved
to be highly repeatable,
which is important to
yield accurate calibra-
tion results
13 Rotary position feed-
back test
1) Send rotary velocity message to robot.
2) Display rotary position feedback in
command prompt 3) Observe that there
are no lost counts and that the measured
rotary position reflects the actual posi-
tion
Rotary veloc-
ity = 60 RPM
It is not expected that
there will be any missed
counts
1.4.3d PASS The measured rotary po-
sition reflected the ac-
tual position and there
were no missed counts
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14 Kalman Filter: 3
encoders only, post-
calibration
1) Perform *Main test procedure* (see
test case 12) 2) Validate that sensor cal-
ibration has improved accuracy 3) Use
data to estimate covariance for both en-







It is expected that the




as accurately until pro-
cess noise covariance
matrix is tuned.
1.4.2j PASS Once calibrated, sensors
proved to be accurate,
with worst case drift at
end of travel being no
more than ±0.9 mm on
each sensor. Without
tuning the process noise
covariance matrix, the
slight instability in
the Kalman filter did
amplify the error in
fused measurements




15 Cable retrieval device
initial pull test
1) Attach cable to robot and fasten cable
retrieval device to end of test bench pipe
2) Run ROS program 3) Send linear and
rotary velocity message to robot. 4) Al-
low robot to travel the length of the pres-
sure 5) Turn off robot to simulate loss of
power event 6) Initiate emergency robot
retrieval by applying an incrementally in-
creasing amount of torque to the drive
shaft of the cable retrieval device using
100 g weights applied a set distance away
from shaft on a lever. 7) Once robot be-








Based on how much ef-
fort it takes to pull
the cable, it is expected
that the torque required
would be about enough
to create 4.5 kg (10 lb)
of pull force on the cable
1.4.2f PASS 6 x 100 g weights plus
the weight of the lever.
This was determined to
place about 2.3 N*m
or 326 oz*in of torque
on the drive shaft (this
equates to about 9.1 kg
(20 lb) pull force on the
cable, however consider-
ing some loses in the
pulley / drive the actual
tension is likely less than
this). Considering the
working load of the ca-
ble (3/32” 7x19 stainless
wire rope) is specified
as 72.7 kg (160 lb) and
break strength is 363.6
kg (800 lb), this cable is
fully capable of robot re-
trieval.
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16 Kalman Filter: Ca-
ble encoders, pre-
calibration
1) Perform *Main test procedure* (see
test case 12) 2) Compare vision system
position data to # of encoder counts to
calibrate cable encoders (calculate me-
ters/count). 3) Repeat the test atleast








Results should be simi-
lar to test case 12 where
cable encoders were not
calibrated accurately
but should not cause
too much drift in UKF
algorithm
1.4.2l PASS Cable encoder data
seemed highly repeat-
able drifting about the
same as the wheel en-
coders (maybe slightly
less, but too early to
tell). Kalman filter data
remained stable.
17 Kalman Filter: Ca-
ble encoders, post-
calibration
1) Perform *Main test procedure* (see
test case 12) 2) Use data to estimate co-
variance for both cable position measure-







Results may be similar
to or slightly better
than Test Case #16.
The accuracy at long
ranges may become
slightly better with the
use of wheel encoders.
1.4.2l PASS Once calibrated, cable
encoders proved to be
accurate, with worst
case drift at end of
travel being no more
than ±0.9 mm on each
cable encoder sensor (af-
ter only 3 test runs so




matrix, the slight in-
stability in the Kalman
filter did amplify the
error in fused measure-
ments to still be ±3 mm
approximately.
18 Kalman Filter test:
Wheel encoder covari-
ance tuning
1) Edit Wheel Encoder Covariance with
estimated covariance from test case #14
2) Perform *Main test procedure* (see
test case 12) 3) Ensure that covariance
tuning improves accuracy when com-
pared to previous result 4) Repeat this










the roughly tuned co-




PASS Once the wheel en-
coders covariance was
estimated more accu-
rately the Kalman filter
did become more stable
with its measurements
now reading ±2 mm
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19 Kalman Filter: Cable
encoders covariance tun-
ing
1) Edit Cable Encoder Covariance with
estimated covariance from test case #17
2) Perform *Main test procedure* (see
test case 12) 3) Ensure that covariance
tuning improves accuracy when com-
pared to previous result 4) Repeat this










the roughly tuned co-




PASS Once the cable en-
coders covariance was
estimated more accu-
rately the Kalman filter
became slightly more
stable yet even with
very limited noise and
fused measurements
within ±1.5 mm.
20 Kalman Filter: Process
noise covariance tuning
1) Edit Process Noise Covariance as es-
timated from earlier test runs 2) Per-
form *Main test procedure* (see test case
12) 3) Ensure that covariance tuning im-
proves accuracy when compared to pre-
vious result 4) Repeat this test and vali-
















PASS After process noise co-
variance tuning the er-
ror was further reduced
to ±1.2 mm.
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20 Kalman Filter: Mea-
surement error rejection
(due to wheel slippage or
surface flaws)
1) Set error rejection thresholds based
on velocity to detect wheel slip or re-
ject errors due to wheels travelling across
surface flaws 2) Introduce a surface flaw
of a known size 3) Perform *Main test
procedure* (see test case 12) 4) Observe
the accuracy with and without the sur-
face flaw present (ensure no false detec-
tions) 5) Repeat the test with smaller
and smaller surface flaws to determine
the smallest flaw size that can be rejected








It is expected that the
use of multiple redun-
dant sensors will help
provide good estimates
even when one of the
wheel encoder’s mea-
surements suffers from





when testing the robot
traversing surface flaws.
Although error does
not appear to be en-
tirely eliminated, it was
successfully mitigated
to contribute to what
appears to be fraction
of a millimeter change
in readings (this ob-
servation cannot be
statistically proven
based on it being less
than the vision system’s
accuracy of only ±0.25
mm). However, the
error that would have
occurred in an averaging
style algorithm would
have been as high ±0.6
mm given the single
sensor that traversed
the flaw deviated 3
mm (dividing this error
by 5 for five sensors).





to appear to have not
affected the long term
accuracy.
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21 Kalman Filter: FINAL
RESULT. fully tuned
wheel encoders and ca-
ble encoders, with mea-
surement error rejection.
1) Perform *Main test procedure* (see
test case 12) 2) Observe final results com-
paring to accuracy benchmarks and per-
form any further fine tuning necessary to
improve accuracy if possible 3) Repeat
result to show difference between accu-







With returning to test
in a pipe without any
surface flaws it is ex-
pect that there should
not be any false detec-
tions where sensor read-







The results were very
similar to those found
in Test Case #19. Ac-
curacy was confirmed to
still remain as ±1.2 mm
22 Kalman Filter: FINAL
RESULT. fully tuned
wheel encoders and ca-




1) Perform *Main test procedure* (see
test case 12) 2) Observe results compar-








It is expected that the
failure of 1 wheel en-
coder should be imme-
diately ignored and only
cause a slight loss in ac-
curacy.
1.4.3g PASS The results exceeded
expectations with only
having a very slight
reduction in accuracy.
The error was still
maintained at ±1.5 mm
23 Kalman Filter: FINAL
RESULT. fully tuned
wheel encoders and ca-




1) Perform *Main test procedure* (see
test case 12) 2) Observe results compar-








It is expected that
the failure of 2 wheel
encoders will still not
cause the position data
to be too inaccurate,
however may only be
accurate enough for




1.4.3g PASS The results were still
okay. The error was still
maintained at ±1.9 mm120
24 Kalman Filter: FINAL
RESULT. fully tuned
wheel encoders and ca-




1) Perform *Main test procedure* (see
test case 12) 2) Observe results compar-








Similar to Test Case 23,
the robot should still
maintain okay accuracy
1.4.3g PASS The results were about
as good as those in Test
Case 23, with the er-
ror increasing slightly to
about ±2 mm. It was
apparent that the abso-
lute position data pro-
vided by the cable en-
coders was more impor-
tant to the long term ac-








6.1 Robot Controls Tests
6.1.1 Basic Controls / Communication Tests
The robot was developed to be operated using the Robot Operating System (ROS).
This system works by having a central computer console that sends messages called
‘topics’ to the different ‘nodes’ of the program. These messages are picked up by
a set of local controllers. The first controller is placed inside the end fitting for
interfacing with the emergency retrieval device, and the encoders that provide position
feedback from the cable position. The second controller is mounted on-board the pipe
crawling robot. Both of these local controllers are installed with Arduino firmware
that handles the messages from ROS for performing the robot’s functions. With
this setup an operator of the robot can be located at a remote location and send
messages to the robot using ROS to tell the robot where to go and what to do.
The kind of commands the operator will need to regularly send the robot include:
start the rotary drive motor for CIGAR (providing rotary speed, and direction of
rotation, and an option to have a target position and starting/stopping acceleration,
otherwise the recommended acceleration is given), start moving forward (providing
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velocity and desired position to stop), and regular start-up commands such as syncing
communication between the ROS computer and the local controllers and initializing
the sensor fusion algorithm. There are some other commands needed only in the
prototyping phase, such as starting up the motor for controlling the vision system
camera and turning on the position indicator LED on the robot. This LED was used
to synchronize the vision system data with the data from the sensor fusion algorithm
and provide the fixed reference point for tracking the robot’s position. All of these
functions were tested earlier in the test plan (Test Cases 3 - 8).
6.1.2 Position Control
The position control test was completed to allow the robot to be commanded to move
to a desired location and stop there. This should be able to be done sufficiently accu-
rately (stop when the robot’s estimated position is within ±1 mm of the robot’s target
location). This may be able to be improved in the future, but it was a good starting
point to allow all further testing to be completed. This proved to be challenging since
the robot was rather heavy and has plenty of momentum that can lead to the robot
overshooting its target position. Also if the robot stops short of the target position it
is difficult to correct this without quickly overshooting the target position as the robot
overcomes the effect of static friction. For this reason it is important that the robot
is able to approach the target position at a controlled rate of deceleration in order to
stop in the right place without needing to correct its position with multiple attempts
at starting and stopping. The algorithm to accomplish this controlled approach was
a simple proportional controller to provide a reduction in velocity once the robot is
within 10 mm of the target position and then commanding the robot to stop once it
is within 1 mm of the target position and at which point the robot should have slowed
down to a target speed of 1 mm/s. It was found that this approach was most effective
at stopping the robot accurately. The results of the position control test can be seen
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Figure 6.1: Robot Position Control Test Results)
in Figure 6.1 where the robot was tested when travelling at a speed of 10 mm/s.
6.1.3 Velocity Control
The velocity control algorithm used by the robot was a PID controller. This type of
controller requires the careful selection of the controllers proportional, differential, and
integral gains in order to provide optimum control. The values were determined using
a feature in ROS that allows these parameters to be tuned manually by adjusting
these parameters on the fly while the robot is operating until the desired response is
achieved. The results appeared to still be somewhat rough since some unsteadiness
in the robot’s velocity was still visible to the eye no matter what parameters were
selected. Without encoder wheels mounted on the shaft of the motor, the speed
control did not quite meet the requirements for accuracy as set forth for the final
design within minus 5 percent of the desired velocity. The actual results after PID
tuning was completed was around ±20 percent worst case, or ±10 percent for the
standard deviation of the data which was approximately ±0.001 m/s. Although not
ideal, these results were deemed accurate enough until tracks could be procured that
include an encoder on the motor shaft for better control. Without an encoder on the
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Figure 6.2: Robot Velocity Control Test Results)
motor shaft in front of the gear reduction the resolution is far too low for the velocity
data to provide effective feedback for speed control.
In parallel with testing the PID parameters, the resolution and frequency of the Pulse
Width Modulation (PWM) for the velocity control of the tracks was also determined
by testing. The most suitable PWM resolution was found to be 12 bit (0-4,095) for
a bit finer adjustments, and a lower frequency of 500 Hz that helped limit how much
power to the motors is lost by the PWM when operating at low speeds.
A graphical representation of the velocity data as seen from one of the encoder wheels
can be seen in Figure 6.2. It should be noted that since this data is displayed based
on the encoder wheels, the quantization error of ±0.0005 m/s will be present in this
data based on the limited resolution of the encoder wheels. The final parameters that
were selected for the PID parameters were: proportional gain = 700, integral gain =
0, and derivative gain = 10.
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Figure 6.3: Checkerboard Intersection Detection
Figure 6.4: Various Angles of Checkerboard used for Calibration
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Figure 6.5: Lens Distortion Vector Field for a typical Camera Lens [38]
6.2 Vision System Test Results
To demonstrate the accuracy of the vision system, MATLAB’s Calibration Toolbox
was relied on to both calibrate the camera for the vision system as well as provide
its computation of the errors seen in the vision system. The checkerboard patterns
shown in Figure 6.3 were photographed by the camera at numerous angles as shown
in Figure 6.4. The intersections of the four farthest corners of these checkerboard
patterns were captured using an edge detection algorithm with all other corners in
the pattern first assumed to be of equal distance from one another. Once all the photos
of the checkerboard patterns were analyzed, MATLAB computes the lens distortion
parameters that can be used to undistort all of the images. The method MATLAB
uses to compute the lens distortion parameters is by taking all the checkerboard points
assumed to be of equal distance in the images and measuring how far they are from
the actual checkerboard intersections. For a typical camera lens distortion this shift
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Table 6.1: Vision System Lens Distortion Parameters and Error Estimate
Focal Length (in pixels) fc
[2142.21312, 2140.25172]
+/- [21.02649, 22.01872]
Principal point (in pixels) cc
[ 948.91234, 458.38718 ]
+/- [ 19.12391, 20.91233 ]
Skew (in degrees) alpha c
[ 0.00000 ] +/- [ 0.00000 ]
=>angle of pixel axes = 90.00000 +/- 0.00000
Distortion (unitless) kc
[ -0.02123 -0.02045
-0.00682 -0.00037 0.00000 ]
+/- [ 0.01901 0.10326 0.00171
0.00167 0.00000 ]
Pixel error (in pixels) err [ 0.17039 0.21035 ]
Figure 6.6: Robot on Test Bench
in pixel distances can be seen as vector field where the largest amount of distortion
typically appears around the edges as shown in Figure 6.5. Since the lens distortion
parameters are based on the average amount of distortion perceived in all the images,
there will be some small differences in the processing of individual images that can
provide a good indication of the accuracy of the vision system. The final results with
lens distortion parameters and estimated errors in terms of pixel distances are shown
in Table 6.1 (note: error values are shown with x and y components, respectively).
6.3 UKF Sensor Fusion Algorithm Tests
6.3.1 Early Test Results
The early test results, although not very accurate, helped demonstrate that the al-
gorithm was functional and able to produce reasonable position estimates. The only
expectation of the UKF algorithm at this point was that with using very rough meth-
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Figure 6.7: UKF Early Test results (Test Case 12)
ods of calibrating and tuning the UKF algorithm parameters, the algorithm should
still remain in control, and not become unstable or produce unrealistic estimates of
the robot’s state. These preliminary test results can be seen in Figure 6.7. Note
that this test was completed prior to the use of cable encoders for absolute position
measurements.
When observing these results it is important to note that there are certain sources
of error that the robot’s sensor fusion algorithm will not be able to account for. For
wheel encoders that provide readings that drift in accuracy over time, the Kalman
filter cannot account for this source of inaccuracy. Instead these errors need to be
eliminated by more accurate calibration. With the use of the vision system, a more
accurate calibration was performed. Based on the position recorded by the vision
system and the number of encoder counts for each wheel encoder, the metres per
count for each wheel encoder was calculated. This was repeated five times to take the
average value for metres per count. This same process was repeated with the addition
of the cable encoders, except the cable encoder data was only averaged over three
runs. The same metres per count value was used for both cable encoder by averaging
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Table 6.2: Calibration of metres/counts (m/ct) for Wheel Encoders (E1, E2, E3) and
Cable Encoders (C)
E1 m/ct E2 m/ct E3 m/ct C m/ct
run1 9.70016E-05 9.68512E-05 9.69357E-05 9.6022E-05
run2 9.71026E-05 9.69428E-05 9.69991E-05 9.59586E-05
run3 9.71694E-05 9.70024E-05 9.70165E-05 9.6032E-05
run4 9.71796E-05 9.70432E-05 9.70667E-05
run5 9.70306E-05 9.71955E-05 9.69319E-05
average 9.70967E-05 9.7007E-05 9.699E-05 9.60042E-05
Figure 6.8: UKF Early Test Results Following Calibration (After Test Case 17)
the readings of the two cable encoders that should be identical. The calibration data
can be seen in Table 6.2.
Following the calibration of the encoders the amount of encoder drift experienced was
greatly diminished and the UKF’s position estimates began to overlap with the vision
system’s position estimates. However, without tuning the sensors and process noise
covariances, there was a large amount of noise that appeared in the sensors’ estimates
leading to worst case position errors of ±3 mm. These somewhat improved results
can be seen in Figure 6.8.
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6.3.2 Fully Tuned Test Results
The tuning of the UKF began with trying to evaluate the covariance of the sensors
as well as the process noise covariance. This is quite challenging considering that the
vision system being used to provide the ground truth is prone to its own noise and
covariance. Some creative methods needed to be used to estimate these covariances.
To avoid introducing another variable, the covariances were determined based on the
robot sensor readings only, without using the vision system data.
When looking at the covariance in the readings of a single sensor, the covariance
measured will be partly due to the process noise or dynamics of the system and
partly due to the errors in the sensor’s readings. For example, if looking at one of
the wheel encoder’s velocity measurements, the velocity command tells the robot to
drive at 0.010 m/s, however, the actual speed measurements are recorded to be 0.010
m/s, but with a standard deviation of 0.002 m/s between samples. For determining
how much of this is process noise, it is useful to understand how the quantization
error will affect the sensor’s velocity measurements in the situation where there is
no process noise. This quantization error is dependent on knowing the sampling
frequency, the distance travelled per encoder count and the velocity of the robot.
Based on the earlier completed calibration it is known that the robot travels 0.097
mm per encoder, count approximately. If the robot is travelling at a speed of precisely
0.010 m/s and having a sampling frequency of 10 times per second, the quantization
error can be determined to be ±0.0005 m/s or ±1/2 of the distance travelled per
count multiplied by the sampling frequency. Although this error may not be a perfect
estimate of the sensor’s standard deviation, it should be fairly accurate, since this
is the main source of error. Looking again at the variance in the encoder readings,
if the standard deviation is 0.002 m/s, then the covariance is 0.000004 m/s (where
covariance equals the square of standard deviation when looking at the special case
of variance, var(X) = cov(X,X) = (σX)
2). The covariance when it is combined from
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Table 6.3: UKF Parameters
Process Noise Covariance (Q) Measurement Noise Covariance (R)




0.0000001 m 0.000004 m/s 0.01 m/s2 0.0001 m 0.00000025 m/s






σz represents the overall standard deviation from multiple sources of deviation (in
this case the overall deviation in the actual sensor readings)
σx represents the standard deviation of the first source of error (in this case process
noise)
σy represents the standard deviation of the second source of error (in this case mea-
surement noise)
Therefore, given the actual sensor readings have a covariance of 0.000004 m/s, the pro-
cess noise of the velocity can be calculated to be about 0.00000375 m/s by subtracting
the covariance of 0.00000025 m/s that was used as the wheel encoder covariance. A
similar approach as described above for determining the velocity process noise was
also used to determine the position and acceleration process noise as well as the cable
encoder covariance. The final parameters that were used are shown in Table 6.3.
Once all of these parameters were determined further tests could be performed. The
position estimates of the UKF algorithm in these tests were expected to be much more
stable and accurate than in previous tests. It is important to know what to look for in a
well tuned and well calibrated UKF algorithm. To show what to look for in well tuned
results, a number of other graphs were made by varying the algorithm parameters to
show poorly tuned and well tuned UKF algorithm results. These graphs, shown in
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Figure 6.9 show both good and poor parameter tuning as well as showing the combined
effect of good and poor wheel and cable encoder calibration. When parameters are not
tuned the position estimates will appear very noisy. When the algorithm’s parameters
are well tuned they should be much closer to following in-line with the vision system’s
position estimates. Poor wheel encoder and cable encoder calibration can be difficult
to detect until the robot travels a fair distance. Poor sensor calibration is visible in
the graphs when the blue line showing the UKF’s position estimates starts to diverge
from the red line showing the Vision System’s position estimates. Some small amount
of divergence is expected, but the position error should remain relatively undetectable
until the robot has moved at least a metre, where a fraction of a millimetre difference
may become visible in the graph.
These tests also revealed that the algorithm was very robust and it would not be easy
to make the algorithm lose control or de-calibrate. In order to begin to see any signs
of lack of control due to parameter tuning, the parameters needed to be multiplied
by a factor of 10 from what they were predicted to be. The test plots in Figure
6.9 that show poor parameter tuning, had the process noise covariance parameters
multiplied by a factor of 100 in order to make the UKF’s noisy position estimates
clearly visible. Where extremely poor parameter tuning is shown in Figure 6.10, the
process noise covariance parameters are multiplied by a factor of 1,000. At this point,
the measurements may not only be noisy, but also drift in accuracy as the algorithm
completely loses control. The plots that show poor calibration of the wheel encoder’s
and cable encoder’s metres per counts parameter demonstrate this parameter to be
critical to the UKF’s accuracy. Any error in its tuning will lead to a proportionally
sized error in the UKF’s position estimates.
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Figure 6.9: UKF Parameter Tuning. (a) Poor Dynamics, Poor Calibration. (b)
Poor Dynamics, Good Calibration. (c) Good Dynamics, Poor Calibration. (d) Good
Dynamics, Good Calibration.
Figure 6.10: UKF Extremely Poor Process Noise Tuning
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Figure 6.11: UKF Results Following Parameter Tuning (Test Case 19)
Figure 6.12: UKF Errors Following Parameter Tuning
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Table 6.4: UKF Errors (all values shown in millimetres)
Average Error Standard Deviation Max Error End of Travel Error
0.272 0.364 1.200 0.212
Knowing what to look for in good test results, the test that used all the parameters
from Table 6.3 performs very well and this demonstrates that these parameters were
well chosen. These test results can be seen in Figure 6.11, with errors shown in Figure
6.12. The errors are also summarized in Table 6.4, to show the overall accuracy
maintained from start to finish. The UKF parameters that were used in this test were
used in all tests that follow. In the future, since the speed control still has room for
improvement, these parameters should be re-examined if there are any drastic changes
to the robot’s speed control that may affect the robot’s dynamics. It is expected that
if the robot has better speed control, that the UKF should perform better as well since
the predictability of the robot’s state will improve and this can be taken advantage
of by using smaller covariances to help keep the estimates in a tighter, more accurate
range.
6.3.3 Surface Unevenness Test
The main advantage to using a Kalman filter for sensor fusion, is that it has inherent
error rejection based on it considering the probability of its sensor readings to un-
derstand what readings might be erroneous. This property of the Kalman filter shall
be tested by introducing a source of error to the sensor readings. A common source
of error that seems likely in this application is due to surface unevenness. This will
make the encoder wheels travel further than normal when traversing over a bump. It
should be noted that the pressure tubes are manufactured to a mirror finish, with a
surface roughness of less than 1 µm [39]. Over time, however, small flaws can appear.
There are only a few of these flaws that are large enough to make a considerable dif-
ference in the wheel encoder readings. The majority of these flaws, for example small
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Figure 6.13: UKF Results for Surface Unevenness Test (Test Case 20) (Close-up of
‘odom2’ Encoder Wheel Error)
Table 6.5: UKF Errors during Surface Unevenness Test (all values shown in millime-
tres)
Average Error Standard Deviation Max Error End of Travel Error
0.33 0.455003 1.99 0.03
surface scratches, are not large enough to make any noticeable difference in the sensor
readings. The cable encoders can offer absolute position readings to eliminate the
effects of these small incremental dead-reckoning errors. So these surface unevenness
tests shall focus on the robot’s encoder wheels travelling over a single, larger surface
flaw.
The test results from the surface unevenness test can be seen in Figure 6.13 and
Figure 6.14. The error in the UKF position estimates can be seen in Figure 6.15 and
further summarized in Table 6.5. The UKF position estimate strayed only slightly
from the actual position as one of the encoder wheels experienced travelling over an
uneven surface. The location of the bump in this test was at the top of the pipe
so that both of the top encoder wheels would traverse over the bump. After each
encoder wheel hit the bump, their readings drifted by about 6 mm from the actual
position of the robot as determined by the vision system. This is considered to be
137
Figure 6.14: UKF Results for Surface Unevenness Test (Test Case 20) (Close-up of
‘odom1’ Encoder Wheel Error)
Figure 6.15: UKF Errors for Surface Unevenness Test
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a much larger bump than expected to be encountered in an actual pressure tube for
an exaggerated circumstance. The resulting worst case error in the UKF’s position
estimates for this test was about 0.8 mm after encountering the first bump and 1.9
mm after encountering the second bump. The UKF did mitigate these errors quite
well, but did not entirely eliminate them as the algorithm takes time to respond to
the outlier measurements with increasing the covariance of these measurements. It is
noted that the error only caused a brief drift in readings and it was able to recover
this error shortly after. The overall errors from start to finish maintained a standard
deviation in accuracy of ±0.46 mm, which is not much worse than the standard
deviation of ±0.36 mm experienced under ideal circumstances without any surface
flaws or unevenness. The end of travel error found in this test, although excellent, is
more by chance that it completed this particular test run in this accurate of a range.
6.3.4 Sensor Failure Tests
The use of redundant sensors on the robot with a UKF algorithm means that the re-
sults thus far are the best accuracies that the localization system can achieve. Looking
back at the failure modes and effects analysis from Section 4.5, most of these failure
modes had been tested, the only major tests that remained involved testing the failure
of the robot’s components due to radiation. Although the proof-of-concept prototype
robot will not be subjected to any radiation, tests can be carried out with testing a
complete failure of any given component. For failure of the robot’s electronics there
is no possibility to recover from this failure mode and the emergency retrieval device
will need to be used. However, for the failure of any of the robot’s sensors, since
redundancy was provided, it is prudent to demonstrate that loss of any single sensor
should not result in a failed inspection. In order to demonstrate this, a number of
tests were carried out. These tests included: the failure of a single encoder wheel,
the failure of a single cable encoder, and the failure of two encoder wheels. All of
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Figure 6.16: UKF Results for One Wheel Encoder Failure (Test Case 22)
these tests were performed with the sensor failures being simulated by disabling the
sensors at the beginning of each test to provide no encoder counts and defaulting to
the previous sensor reading. The graphical representations of the data will not be
shown since they all look fairly similar to past tests and do not give a closeup picture
of the error. The graphs showing the error from start to finish can be seen in Figure
6.16, Figure 6.17, and Figure 6.18 for each sensor failure test, as well, the errors are
summarized in Table 6.6.
Although it was preferred that the UKF estimates maintain an accuracy of as close to
±1 mm as possible, it is understood that some accuracy would be lost when compared
to the accuracy with no sensor failures. If the slightly less accurate results recorded in
Table 6.6, following various sensor failures, are deemed still adequate the robot shall
be allowed to complete the inspection run. The goal is to continue to operate the robot
until the end of an inspection run before performing maintenance if only one sensor
fails. This strategy was utilized to avoid the costly process of repeating inspections.
If two wheel encoders fail, it is more important at this point that adequate velocity
control is maintained. This is because if all three wheel encoders fail, there will no
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Figure 6.17: UKF Results for One Cable Encoder Failure (Test Case 24)
Figure 6.18: UKF Results for Two Wheel Encoder Failures (Test Case 23)
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0.272 0.364 1.20 0.212
One Wheel Encoder
Failure
0.379 0.419 1.56 0.26
One Cable Encoder
Failure
0.482 0.525 1.85 0.29
Two Wheel Encoder
Failures
0.496 0.524 2.05 0.28
longer be any data provided to the robot for velocity control. So if two wheel encoders
fail, the robot should simply be told to return to its home position in the end fitting
for safe removal from the fuel channel. There are other options on how to control
the robot in this event. With additional control logic, the cable encoders could also
be used for coarse velocity control prior to using the emergency retrieval device if all
wheel encoders fail. So knowing this, the robot could complete its test with two failed
encoder wheels assuming the accuracy is still acceptable.
If at any point the robot’s velocity control is compromised and there are no alternative
means of control, the robot can be interlocked to stop moving before getting too close
to either end of the fuel channel, and the emergency retrieval device can then be used
to return the robot to its home position for safe removal.
The functionality of the robot in response to sensor failures can easily be incorporated
in the final design with further investigation on what approaches are safest. The
tests completed in this thesis were simply to characterize the accuracy in each of the
potential sensor failure scenarios.
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Table 6.7: UKF Accuracy Compared with Alternative Algorithms (Test Case 19) (all
values shown in millimetres)
Algorithm Average Error Standard Deviation Max Error End of Travel Error
UKF 0.272 0.364 1.200 0.212
EKF 0.340 0.450 1.379 0.212
Averaging 0.317 0.332 1.151 0.212
Median 0.324 0.355 1.228 0.212
6.4 Comparison with Alternative Algorithms
It is important to ensure that the results of the selected UKF algorithm demonstrate
that the algorithm performs well when compared with alternative algorithms. To test
this in a way that was fair and unbiased, the data for the test run that was performed
earlier for Test Case 19 was captured with a data recording feature in ROS called
‘rosbag’. The data recording saves all the sensor data that was used by the UKF
algorithm so that it can be reused in running alternative algorithms. The algorithms
that were compared were a sensor averaging algorithm that averages all the sensor
data received at each sample interval, a median algorithm that takes the median
values at each sample period, and an Extended Kalman Filter (EKF) algorithm. The
resulting errors found from running these alternative algorithms is compared to the
errors in the UKF algorithm in Table 6.7.
From these results, the algorithms all appear to have similar accuracies, with the
averaging algorithm being the slight favorite even over the UKF algorithm. This is
somewhat expected since this test is the ideal case where the test pipe is very smooth
and has no surface flaws and each sensor is well calibrated so it is expected to provide
good data when averaged. In the actual environment of the pressure tube, this will
not be the case, there will be the occasional flaw that the sensor fusion algorithm
needs to be able to account for. Test Case 20, where the two top encoder wheels
travelled over a surface flaw was also recorded with the ‘rosbag’ feature in ROS to
repeat this test run for these alternative algorithms. The results of each algorithm
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Table 6.8: UKF Accuracy with Surface Unevenness Compared with Alternative Al-
gorithms (Test Case 20) (all values shown in millimetres)
Algorithm Average Error Standard Deviation Max Error End of Travel Error
UKF 0.334 0.455 1.994 0.03
EKF 0.727 0.991 2.989 0.42
Averaging 0.529 0.665 3.089 0.81
Median 0.668 0.824 2.595 1.08
for this test can be seen in Table 6.8.
The results when surface unevenness is taken into account demonstrate that the UKF
algorithm is by far the best performer in these conditions. It is for this reason that
the algorithm was selected for this robot, knowing that surface unevenness will be
a factor that the localization system needs to be able to deal with. The averaging
algorithm does not have the ability to account for errors caused by surface unevenness.
The averaging algorithm can only mitigate these errors by taking the average with
other sensors that did not encounter this source of error. In this test only two out
of three encoder wheels experience surface unevenness. The results for the averaging
and median algorithm will likely be even worse if all three wheels experience surface
unevenness. The EKF should also be capable of handling some surface unevenness,
but it did not prove to have as stable of a response as the UKF. It did converge to a
slightly closer value for the robot’s final position as seen in the end of travel, but the
EKF was prone to inaccuracy when facing non-linear dynamics caused by the rather
large surface flaw faced in this test. It is likely that the algorithm may not perform
quite this badly, had the surface flaw used in the test been smaller. Even if this was
the case, the UKF algorithm still outperformed the EKF algorithm even in the ideal
scenario without any surface flaws as seen in Table 6.7.
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6.5 Comparison with Accuracy Benchmarks
The accuracy benchmarks that were set in the preliminary design phase were very
aggressive. The overall goal was to develop a localization system with an accuracy
of ±1 mm. To put this in perspective, this is an accuracy of about 0.015 percent of
the total travel distance of 6,350 mm. Although this accuracy may not have been
achieved exactly, the results appear to be sufficiently close to this benchmark. To
properly compare the test results to the accuracy benchmarks, the errors need to be
extrapolated from the 1 metre test run distance to the actual 6.35 metre pressure
tube length that will need to be traversed by the robot. This is not as simple as
multiplying the error by a factor of 6.35.
There are a number of factors that contribute to the overall error that can be broken
down. First, the minimum error that is expected to occur is related to the calibration
error for the position sensors. Since the vision system was used to calibrate the sensors,
the minimum error expected to be seen in the results is ±0.25 mm at a distance of
2 metres (the calibration distance), or about ±0.8 mm at the full distance of 6.35
metres.
The second source of error comes from the UKF’s position estimates still having some
noise and variability even when trying to reduce this noise from the even noisier sensor
data. This amount of variability can be seen in the resultant graphical representation
of the errors in Figure 6.12. Examining this variability it appears to be fairly constant
and not increase noticeably in variability with travelling further distances. The worst
case variability can seen as ±1.2 mm based on the max error from the test run. The
error that is found at the end of the test run, labeled ‘end of travel error’ in Table
6.4, is a useful error to judge the robots calibration error and overall drift in accuracy
over distance, since once the robot stops moving the UKF variability disappears as
it converges to a single value. In all the tests completed this error was never greater
than 0.25 mm. If this error continues to propagate proportionally with distance, this
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error would continue to increase to about 1.6 mm after the robot travels the full 6.35
metres. The final approximation of the UKF algorithm error would combine the drift
in accuracy of 1.6 mm and the variability of 1.2 mm to roughly an overall error of 2.8
mm.
There is a third error that may or may not contribute to a further inaccuracy as
revealed in the surface unevenness test. The surface unevenness test had a worst case
error of almost 2 mm (0.8 mm more than in the test without surface flaws). It should
be noted that these surface flaws are larger than expected to be experienced in the
actual pressure tube. However, since the worst case situation is being discussed, an
additional error of 0.8 mm is possible. This error also does not increase with distance,
since the cable encoders will ultimately recover the position error to be maintained at
further distances, and the wheel encoders simply help improve short range estimates.
The overall worst case error in the UKF algorithm found is, therefore, 3.6 mm.
There is room for improvement in this error. Simply with the use of a more expensive,
but more accurate vision system, the calibration error could be reduced to about 0.1
mm over a distance of 2 metres or 0.3 mm over 6.35 mm. This could reduce the error
of the UKF algorithm to ±2.5 mm, which is a huge improvement. However, these
values are simply speculative and have yet to be proven. Another improvement that is
less easy to quantify is to improve the speed control. This would allow for less process
noise which could lead to less UKF estimate variability. With these improvements
in future developments meeting the ±1 mm is still possible, however, it may need to




Conclusions and Future Work
7.1 Conclusions
The results presented in this thesis were very useful and demonstrated how effective a
pipe crawling robot can perform given the many limitations of the design due to the
harsh environment of a nuclear reactor. The focus of this thesis was to develop the
localization system for the robot and provide detailed information on its accuracy.
The question that needed to be answered in this thesis was whether this localization
system can be accurate enough when using only equipment that is capable of surviving
in the environment of the fuel channel. This question is answered in this thesis with
the development and testing of a localization system for the pipe crawling robot
using only resolver wheels (or encoders for now) and a UKF algorithm. The main
contribution to this design was the use of a step by step test plan and test bench to
tune the UKF parameters. The tuning of the UKF algorithm can be a challenging
task and the test procedure developed in this thesis helped produce a UKF algorithm
of nearly optimum performance.
From the research completed in this thesis, it was determined that the use of radiation
hardened resolvers were the only type of sensor that could be used for localization
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inside a CANDU reactor shortly after it is shutdown. These sensors are among the
few that can survive in this environment and the only sensor that was deemed capable
of providing a position accuracy that is sufficient for this application.
This thesis determined that even with the use of radiation hardened components,
the design could not be made invulnerable to the harsh environment of a nuclear
reactor. It was determined that with redundant sensors, easy to replace radiation
hardened electronics on-board the robot, and a emergency retrieval device for the
robot, any serious consequences of component failure can be avoided or mitigated.
Future testing is required to demonstrate this fully. However, this thesis does provide
early test results that demonstrate the localization system for the robot has very little
loss in accuracy when a single sensor fails as shown in Table 6.6. The system is even
able to maintain sufficient position accuracy and control to allow the robot to be
removed safely if multiple sensors fail.
Another test that demonstrated the resiliency of the UKF algorithm was the surface
unevenness test. The results shown in Table 6.5 demonstrate that surface unevenness
only causes a slight reduction in error from ±1.20 mm without flaws to ±1.99 mm
where the surface unevenness is contributed from one very large bump that should
introduce an error of several millimeters for the two encoders that traverse over this
bump. The main achievement of this test was that there was no noticeable loss in
position accuracy in the long run at the end of the robot’s travel. This means that
an error of ±1.99 mm is unlikely to even occur in the actual pressure tubes where
it is more likely that the robot will encounter multiple smaller sized bumps along its
path. It is presumed that the cable encoders are ultimately what the localization
system relies on for accurate position data over long distances, since cable encoders
are unaffected by surface unevenness.
The results show that the position accuracy may be somewhat lower with the use
of a pipe crawling robot when compared to the current inspection system, however,
148
this slightly reduced position accuracy may still be acceptable. The benefits of a pipe
crawling robot could easily out weigh this slight reduction in position accuracy. To
summarize these benefits include: reducing outage time, saving money, improving
the safety margin for the pressure rating of the closure plug, and reducing doses to
workers.
7.2 Future Work
7.2.1 General Improvements to the Robot
There are still many improvements that need to be made to the robot. Most of these
improvements were left out of the scope of this thesis. As stated in Section 2.2.6, the
robot will need to incorporate: radiation hardened electronics (and radiation hard-
ened resolvers replacing the encoders of the prototype), carrier tubes for deployment,
more sophisticated methods of providing communication, and the robot will also need
further testing under the actual environmental conditions of the reactor. This includes
testing the robot under high doses of radiation comparable to those found in the re-
actor and testing the robot when it is submerged under water pressurized at 262 kPa.
The testing of the robot under high doses of radiation shall prove that the electronics
can function even when experiencing single event upsets (SEUs) or communication
issues caused by signal interference. In addition to these improvements that were left
out of the scope, there are some additional improvements that should be made based
on the results presented in this thesis.
The first suggestion for improvement is to specify a higher gear reduction for the
motorized tracks. This would involve a more costly custom specification for the pro-
curement of these tracks compared with the standard tracks that were used in the
proof-of-concept prototype robot. The robot currently is able to travel much faster
than necessary for this application, at speeds of up to 150 mm/s. For the general he-
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lical scans performed by the robot, the robot needs to travel at speeds of 1 mm/s and
to do this within the accuracy requirements of within minus 5 percent of the desired
speed. It was found that this could not be achieved with the current prototype, even
with well tuned PID control parameters. The accuracy of the speed control for the
prototype robot was ±20 percent when driving at a target speed of 10 mm/s. It is
believed that lowering the max speed of the robot and increasing the torque will help
the robot travel at more stable velocities when travelling at slow speeds.
Related to this first suggestion, the second suggestion for improvement is also to help
improve the speed control of the robot by including a resolver on the motor shaft
of each of the tracks. This will improve the speed control of the robot in two ways:
first, by providing a higher resolution by being placed before the gear reduction, and
second, by having a method of independently measuring the speed of each track. It
should be mentioned that this does introduce another potential part that can fail due
to radiation. Therefore, it should be examined whether this is still necessary after
first reducing the speed using a gear reduction. If it is required to meet the velocity
requirements, the resolver wheels on the robot’s frame can still be used for backup
velocity measurements even though they will have a lower resolution.
7.2.2 Improvements to the Localization System Test Bench
There is little that can be improved with the vision system test bench. However, there
is one simple improvement that can be made, namely, to purchase a more specialized
vision system camera. Such a vision system could improve the pixel error to less than
±0.1 of a pixel. Another improvement that could be made is to have the machined
reference points machined more accurately. However, this is less likely to see much
improvement, at the very best the accuracy could be made ±0.0508 mm (±0.002”).
If these improvements can be made this could potentially improve the vision system
accuracy to about ±0.1 mm from the current ±0.25 mm.
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7.2.3 Improvements to the Localization System
The results of the localization system were very accurate, but even so the original
accuracy benchmark set forth in this thesis of ±1 mm could not quite be met. There
is no real suggestions on how the localization system or UKF algorithm could be
improved. However, since the velocity control performance was not ideal and there
may be some future improvements, this will affect the process dynamics and process
covariance of the robot. Following the implementation of the above improvements,
the same process of tuning the robot’s UKF parameters and process noise covariances
should be completed. This might actually have the effect of improving the accuracy
of the sensor fusion algorithm, since if the robot’s velocity is more steady state, this
reduces the process noise covariance, which results in the robot’s position being more
predictable. Knowing this, the ±1 mm accuracy benchmark in this thesis may still
be achievable in the future.
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